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En el riego por aspersión parte del agua emitida por los aspersores se pierde por 
evaporación y arrastre (WDEL) durante el riego. Asimismo, tras el riego el agua 
interceptada por el cultivo se evapora. Estas pérdidas de agua modifican el 
microclima en el que crecen las plantas provocando cambios fisiológicos en las 
mismas. La eficiencia de aplicación del agua de riego está determinada tanto por las 
pérdidas de agua como por la uniformidad del riego y la respuesta productiva del 
cultivo. En este trabajo se ha analizado: 1) los cambios microclimáticos y fisiológicos 
y la eficiencia de aplicación en el riego por aspersión del maíz (Zea mays L.) en un 
sistema de pívot central, 2) el efecto del riego por aspersión sobre la fotosíntesis del 
maíz y la alfalfa (Medicago sativa L.), y 3) la relevancia del momento de riego y de 
las pérdidas de agua en el rendimiento del maíz regado con un sistema de aspersión 
de cobertura total.  
La magnitud y duración de los cambios microclimáticos [temperatura del aire y déficit 
de presión de vapor (VPD)] y fisiológicos (temperatura de la cubierta vegetal y 
transpiración) del maíz debidos al riego por aspersión con pívot central se midieron 
en 2008 en una parcela comercial en Valfarta (Huesca, España). Dichas variables se 
midieron simultáneamente en tres tramos del pívot y en una zona situada a 270 m 
regada con anterioridad. Se estudiaron 34 eventos de riego, en 7 de los cuales se 
midió la transpiración de las plantas. Durante el riego se redujo temperatura del aire 
(1,8-2,1 ºC), el VPD (0,53-0,61 kPa), la temperatura de la cubierta vegetal (3,1-3,8 
ºC) y la transpiración del maíz (0,22-0,28 mm h-1), siendo mayor la reducción en los 
días más secos y calurosos. Los cambios empezaron antes de pasar el brazo del 
pívot por la zona de medida (0,6-2,1 h) y se prolongaron tras el paso del mismo (0,8-
2,4 h), si bien fueron menores. La duración total de los cambios microclimáticos 
disminuyó con la distancia hasta el centro del pívot pero la duración de los cambios 
fisiológicos fue similar en los diferentes tramos del brazo del pívot. La reducción de 
la transpiración debida al riego fue mayor cuanto más cerca del centro del pívot y 
representó entre el 5 y el 7% del agua de riego aplicada. Las WDEL fueron el 13% 
(tramo 2), 11% (tramo 4) y 10% (tramo 5) del agua aplicada. Considerando la 
reducción de la transpiración, las pérdidas netas por evaporación del sistema de 
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riego oscilaron entre el 11 y 13% del agua aplicada, sin diferencias relevantes a lo 
largo del brazo del pívot. 
La fotosíntesis neta del maíz y la alfalfa regados con un sistema de aspersión de 
cobertura fija se midieron en dos experimentos diferentes (maíz: 2009 y 2010; 
alfalfa: 2009, 2010 y 2011). Para cada especie las medidas se realizaron 
simultáneamente en dos parcelas, una se estaba regando y la otra no. Se utilizaron 
dos cámaras automáticas conectadas a dos analizadores de CO2 por infrarrojos. El 
riego redujo la temperatura del aire (1,5 ºC en maíz, 1,7 ºC en alfalfa), el VPD (0,44 
kPa en ambos cultivos) y la temperatura de la cubierta vegetal (5,1 ºC en maíz, 5,9 
ºC en alfalfa). El riego por aspersión disminuyó la fotosíntesis neta del maíz en el 
80% de los días siendo la reducción media del 19%. El riego por aspersión 
incrementó la fotosíntesis neta de la alfalfa en el 36% de los días y la disminuyó en 
el 14% de los días, no afectando a la misma en la mitad de los días. La reducción de 
la fotosíntesis neta del maíz durante el riego por aspersión fue causada por la alta 
mojabilidad de las hojas (θ<90º) y la reducción de la temperatura de la cubierta 
vegetal. Sin embargo, la baja mojabilidad de las hojas de alfalfa (θ>120º) y su amplio 
rango de temperatura óptima para la fotosíntesis fueron las causas de que la 
fotosíntesis no se viera afectada negativamente por el riego por aspersión. El riego 
por aspersión durante el día debe ser evitado en el maíz.  
En los años 2009 y 2010 se estudió la relevancia del momento de riego (diurno o 
nocturno) y de las pérdidas de agua (añadiéndolas o no a la dosis de riego) sobre el 
rendimiento del maíz. La parcela experimental se dividió en 12 sectores de riego 
independientes, cada uno formado por cuatro aspersores en un marco de 18m x 
18m. El riego por aspersión diurno tuvo mayores WDEL (16-22%) que el riego 
nocturno (3-9%). La uniformidad del riego (CU) fue similar para los riegos diurnos y 
nocturnos en 2009 (84%) pero en 2010 fue menor para los riegos diurnos (78%) que 
para los riegos nocturnos (84%). El riego diurno disminuyó un 9% el rendimiento del 
maíz en 2010, el año en el que el CU disminuyó. El aumento de la dosis de riego con 
las pérdidas de agua incrementó el potencial mátrico del suelo pero no el 
rendimiento del maíz. La menor uniformidad en el riego diurno parece ser una razón 
relevante para la reducción del rendimiento. Los sistemas de aspersión de cobertura 
fija para el maíz deben estar diseñados para minimizar el riego diurno y permitir una 




During sprinkler irrigation some water is lost due to wind drift and evaporation 
(WDEL). Besides, after the irrigation finishes the water intercepted by the crop 
evaporates. Those water losses modify the microclimatic conditions where the plants 
are growing and cause plant physiological changes. Water application efficiency is 
affected by water losses, irrigation uniformity and the crop production. In this work we 
analyzed: 1) the microclimatic and plant physiological changes and the water 
application efficiency of sprinkler irrigated maize (Zea mays L.) with a center pivot 
system, 2) the effect of sprinkler irrigation on the photosynthesis of maize and alfalfa 
(Medicago sativa L.), and 3) the relevance of irrigation time and water losses on 
maize yield in a solid-set sprinkler irrigation system. 
The magnitude and duration of microclimatic [air temperature and vapor pressure 
deficit (VPD)] and plant physiological (canopy temperature and transpiration) 
changes due to sprinkler irrigation of maize with a center pivot were measured on 
2008 at a commercial plot at Valfarta (Huesca, Spain). Those variables were 
measured simultaneously at three different portions of the pivot and at another 
location 270 m far away that had been irrigated previously. Thirty four irrigation 
events were studied and plant transpiration was measured on seven of them. During 
irrigation a decrease was found on air temperature (1.8-2.1 ºC), air VPD (0.53-0.61 
kPa), maize canopy temperature (3.1-3.8 ºC) and maize transpiration (0.22-0.28 mm 
h-1). The reduction was greater on drier and hotter days. Microclimatic and 
physiological changes began before the pivot passed over the measurement location 
(0.6-2.1 h) and lasted for some time after the pivot passed (0.8-2.4 h) although the 
changes were smaller. The duration of microclimatic changes decreased as closer to 
the center of the pivot but the duration of plant physiological changes was similar 
along the pivot. Transpiration reduction due to irrigation was greater as closer to the 
center of the pivot and ranged from 5 to 7% of applied irrigation water. The WDEL 
were 13% (pivot arm portion 2), 11% (pivot arm portion 4) and 10% (pivot arm portion 
5) of irrigation applied. Taking into account the reduction of plant transpiration, the 
net sprinkler evaporation losses ranged from 11 to 13% of irrigation applied, without 




Net photosynthesis of maize and alfalfa irrigated with a solid-set sprinkler irrigation 
system was measured in two different experiments (maize: 2009 and 2010; alfalfa: 
2009, 2010, and 2011). For each species measurements were made simultaneously 
in two plots, one being irrigated and the other not being irrigated. Two automatic 
canopy chambers connected to two CO2 infrared gas analyzers were used. Sprinkler 
irrigation decreased the air temperature (1.5 ºC on maize, 1.7 ºC on alfalfa), the air 
VPD (0.44 kPa for both crops) and the canopy temperature (5.1 ºC on maize, 5.9 ºC 
on alfalfa). Sprinkler irrigation decreased maize net photosynthesis on 80% of days 
and the mean reduction was 19%. Sprinkler irrigation increased alfalfa net 
photosynthesis on 36% of days, decreased it on 14% of days, and did not affect it on 
half of days. The decrease of maize net photosynthesis during sprinkler irrigation was 
caused by the high leaf wettability (θ<90º) and the decrease of canopy temperature. 
However, the low wettability of alfalfa leaves (θ>120º) and the wide range of optimum 
temperature for alfalfa photosynthesis were the reasons why photosynthesis was not 
negatively affected by sprinkler irrigation. Daytime sprinkler irrigation of maize should 
be avoided.  
The relevance of sprinkler irrigation time (daytime or nighttime) and water losses 
(adding them or not to the irrigation applied) on maize yield were studied in two field 
experiments on 2009 and 2010. The field was divided into 12 independent irrigation 
sectors, each of them with four sprinkler spaced 18m x 18m. Daytime sprinkler 
irrigation had higher WDEL (16-22%) than nighttime sprinkler irrigation (3-9%). On 
2009 irrigation uniformity (CU) was similar for daytime and nighttime sprinkler 
irrigation (84%) but on 2010 CU was lower for daytime irrigation sprinkler irrigation 
(78%) compared to nighttime sprinkler irrigation (84%). Daytime irrigation reduced 
maize yield by 9% on 2010, the year that the CU was decreased. Increasing the 
irrigation water applied with the water losses increased the soil matric potential but 
did not increase yield. The lower irrigation uniformity of daytime sprinkler irrigation 
seems to be a relevant reason of the maize yield decrease. Solid-set sprinkler 
irrigation systems should be designed to minimize daytime irrigation and to allow a 
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Capítulo 1. INTRODUCCIÓN GENERAL Y OBJETIVOS. 
1.1 INTRODUCCIÓN GENERAL. 
1.1.1 Distribución de la superficie de regadío y aumento del riego por 
aspersión. 
La búsqueda de una mayor eficiencia en el uso del agua de riego es uno de los 
objetivos más importantes en la agricultura de regadío debido a la escasez y precio 
del agua, la creciente demanda de alimentos y la mayor competencia entre los 
diversos usuarios por el recurso agua. Entre los distintos sistemas de riego, el riego 
por aspersión está considerado como el más adecuado en cultivos extensivos 
debido a su elevada eficiencia potencial y su coste de instalación y mantenimiento 
(Tarjuelo, 1999). 
En España, la superficie de riego dotada de sistemas de riego a presión (aspersión y 
goteo) ha aumentado en los últimos años. Así, en el año 2009 la distribución del 
regadío era de 1.591.616 ha en riego por goteo (46,5%), 1.064.248 ha en riego por 
gravedad (31,1%) y 745.594 ha (21,1%) en riego por aspersión, según datos del 
Ministerio de Agricultura, Pesca y Alimentación (MAPA, 2009). Según estos datos, 
en Aragón, la superficie total en regadío era de 371.153 ha en 2009 de las cuales un 
58,5% era riego por gravedad, un 29,4% era riego por aspersión y un 12,1% era 
riego por goteo (MAPA, 2009).  
Para el año 2011 la distribución del regadío en España era de 1.596.035 ha en riego 
por goteo (46,8%), 1.031.669 ha en riego por gravedad (30,2%) y 782.508 ha 
(22,9%) en riego por aspersión. En Aragón la distribución de la superficie total en 
regadío (383.388 ha) era de un 54,9% en riego por gravedad, 32,5% en aspersión y 
12,6% en riego por goteo (MAGRAMA, 2011). Así, en España en el periodo de 2009 
a 2011 el incremento total de las hectáreas regadas fue un 0,3%; la superficie 
regada por goteo y aspersión se incrementó en un 3% y 5%, respectivamente, 
mientras que la superficie regada por gravedad disminuyó en un 3%. En Aragón se 
produjo un incremento del 14% del área regada con sistemas de aspersión, un 
incremento del 7% del área regada por goteo y una disminución del 3% del área 
regada por gravedad (MAGRAMA, 2011).  
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Los recientes planes de modernización de los sistemas de transporte, distribución y 
aplicación del agua en parcela han permitido el incremento del área regada con 
sistemas de aspersión en España. Así, en un periodo desde el año 2000 al 2008 se 
habían modernizado 1.008.558 ha tras ejecutar una inversión de 2.929 millones de 
euros provenientes del presupuesto para el desarrollo del Plan Nacional de 
Regadíos y Plan de Choque (MAGRAMA, 2010). Actualmente, el Ministerio de 
Agricultura, Alimentación y Medio Ambiente trabaja en la elaboración de la 
Estrategia Nacional para la Modernización Sostenible de los Regadíos Horizonte 
2015 (ENMSRH, 2015) la cual fue aprobada en el año 2010. Por medio de esta 
estrategia se pretenden modernizar otras 862.506 ha y de esta forma ahorrar 
aproximadamente 1.131 Hm3 de agua cada año. La inversión prevista para el 
desarrollo de la ENMSRH 2015 es de 2.378 millones de euros (MAGRAMA, 2010). 
La tecnificación de la agricultura de regadío a través de la historia ha generado 
distintos sistemas de riego por aspersión. Éstos se agrupan en estáticos y 
desplazables. En los sistemas estáticos el agua se aplica a través de tuberías y 
aspersores que no se mueven durante el riego; un ejemplo es el sistema de 
aspersión de cobertura total. En los sistemas desplazables, las tuberías y 
aspersores se desplazan mientras aplican el agua de riego. Dentro de este grupo se 
encuentran los cañones, laterales de avance frontal y el pívot central (Tarjuelo, 
1999). El uso del pívot central se incrementó un 50% desde 1986 a 1996 en EE.UU.; 
en 1999 había ya 7,9 millones de hectáreas regadas con pívot, el 60% del total de la 
superficie regada por aspersión (Evans, 1999) y para el año 2008 había 10,4 
millones de hectáreas regadas con pívot, siendo el 83% de la superficie de riego por 
aspersión en Estados Unidos (USDA, Censo de Agricultura 2008). El uso del pívot 
central es relevante en algunas zonas de España; en Castilla y León supone el 47% 
de la superficie regada por aspersión (240.736 ha) y en Castilla la Mancha 
representa un 46% de la superficie regada por aspersión (193.607 ha) (MAGRAMA, 
2011). El uso de pívot central es mayor en zonas que se riegan con pozos para 
disminuir el coste energético del riego. En general, su uso es menor en zonas que 
han sido modernizadas desde sistemas de riego por gravedad ya que la parcelación 
de las mismas se realizó en su día con formas rectangulares. Este es el caso de 
Aragón, en donde la superficie regada con pívot central representa el 27% de la 
superficie de riego por aspersión, siendo mayoritario el uso de coberturas totales 
(73%). 
Capítulo 1 
- 3 - 
La utilización del pívot central como sistema de riego se ha expandido gracias a 
varios aspectos como la disminución en costes de inversión por hectárea regada, 
reducción de requerimientos energéticos y de mano de obra, posibilidad de la 
inyección de agroquímicos, alto grado de automatización y adaptabilidad a distintas 
condiciones de suelo, clima y cultivo (Allen et al., 2000). El uso del pívot evita la 
necesidad de realización de zanjas y movimientos de tierra, lo que ayuda a 
conservar las propiedades físicas del suelo y favorece la mecanización (Tarjuelo, 
1999; Faci et al., 2006). 
1.1.2 Eficiencia del riego por aspersión. 
Existen factores que afectan a la eficiencia del riego por aspersión tanto en sistemas 
estáticos como en desplazables. Algunos de estos factores son de origen técnico, 
como el diámetro de la boquilla, diámetro de gota, altura del aspersor y presión de 
trabajo (Tarjuelo, 1999), y otros son debidos a las condiciones ambientales como la 
velocidad del viento y la demanda evaporativa de la atmósfera (Playán et al. 2005). 
Cuando aumenta la velocidad del viento, aumentan las pérdidas por evaporación y 
arrastre [wind drift and evaporation losses (WDEL)] (Playán et al. 2005) y disminuye 
la uniformidad de la distribución del agua (Dechmi et al., 2003); por tanto, disminuye 
el agua en el suelo disponible para el uso de las plantas en algunas zonas de la 
finca, disminuyendo la eficiencia del riego y afectando finalmente al rendimiento del 
cultivo (Cavero et al., 2008). 
Las WDEL ocurren durante el recorrido del agua de riego desde las boquillas hasta 
su infiltración en el suelo, debido principalmente a la evaporación de agua durante 
esta trayectoria o por causa del viento que arrastra parte del agua fuera de la zona 
regada. También se producen pérdidas por interceptación [interception losses (IL)], 
sobre todo después del riego y se deben a la evaporación del agua interceptada por 
los tallos y hojas de los cultivos. La suma de las WDEL y las IL constituyen las 
pérdidas del sistema [sprinkler evaporation losses (SEL)]. 
En sistemas de riego por aspersión en cobertura fija, diversos autores han 
encontrado que las WDEL se ubican en un rango de 0 al 20%, siendo mayores en 
los riegos diurnos (Yazar, 1984; Kincaid et al., 1996; Dechmi et al., 2003; Playán et 
al., 2005; Martínez-Cob et al., 2008). Durante algunos eventos de riego 
particularmente ventosos se han observado mayores WDEL, entre el 30 y 50% 
(Playán et al., 2005). En sistemas de aspersión con pívot central, Steiner et al. 
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(1983a) observaron WDEL del 15%, mientras que Ortiz et al. (2009) observaron 
WDEL en un rango de 3 al 14%. Por otra parte, las IL dependen principalmente de la 
capacidad de almacenamiento de agua de la planta, la cual depende de su 
arquitectura foliar. Las IL brutas incluyen el agua almacenada en la cubierta vegetal 
durante el riego por aspersión y en maíz han sido cuantificadas en un rango entre 
0,4 y 2,7 mm por evento de riego (Norman and Campbell, 1983; Steiner et al., 
1983a). Las IL netas son las IL brutas menos la reducción de la transpiración 
después del riego y en maíz han sido cuantificadas entre 0,3 y 1,5 mm por evento de 
riego (Tolk et al., 1995; Martínez-Cob et al., 2008). 
Durante el riego por aspersión, el déficit de presión de vapor (VPD) y la temperatura 
del aire dentro de la cubierta vegetal descienden por una parte debido al incremento 
de la cantidad de agua dentro de la capa de aire próxima al área regada y por otra 
parte debido al agua evaporada desde el suelo y la superficie de las hojas 
(Robinson, 1970; Steiner et al., 1983b; Tolk et al., 1995; Cavero et al., 2009). Este 
descenso del VPD durante el riego reduce la transpiración y la evapotranspiración 
del cultivo (ET), permitiendo la conservación del agua en el suelo, que de otra 
manera sería consumida por el cultivo (McNaughton, 1981; Steiner et al., 1983b). 
McNaughton (1981) argumentó que cualquier reducción en la ET y en la 
transpiración del cultivo en un área húmeda en comparación con un área seca (es 
decir, un área que no se riegue en el mismo momento pero que mantenga las 
mismas condiciones, incluyendo la disponibilidad de agua) puede restarse de las 
WDEL brutas, resultando en las WDEL netas. En otras palabras, parte de las 
pérdidas del sistema (SEL) serían remplazadas por la reducción de la ET, con el 
consecuente incremento de la eficiencia del riego. Así, se puede hablar de las 
pérdidas brutas del sistema (SELg, es decir, la suma de las WDEL brutas y las IL 
brutas) y las pérdidas netas del sistema (SELn, es decir, la suma de las WDEL netas 
y las IL netas). La consideración de las SELn en lugar de las SELg podría resultar en 
un incremento de la eficiencia de riego para una determinada lámina de riego 
aplicada. Esto debe tenerse en cuenta cuando se calculan los requerimientos 
hídricos de los cultivos. 
Algunos estudios han analizado las diferencias de ET entre superficies húmedas y 
secas justo después de los eventos de riego, pero muy pocos han analizado estas 
diferencias durante esos mismos eventos de riego. Durante el riego por aspersión en 
cobertura fija, Frost and Schwalen (1960) encontraron una casi completa supresión 
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de la ET mientras que Sternberg (1967) encontró una reducción promedio de la ET 
del 33% para rye-grass (Lolium perenne L.) y Martínez-Cob et al. (2008) reportaron 
una reducción de la ET entre un 32 y 55% en el maíz (Zea mays L.). Por otra parte, 
Thompson et al. (1993), usando un modelo, predijeron un descenso de la ET del 
40% en el maíz. En sistemas de aspersión de movimiento lateral, Tolk et al. (1995) 
observaron una reducción del 32% en la transpiración durante el riego del maíz, algo 
menor que el 58% observado por Martínez-Cob et al. (2008) en un sistema de 
aspersión de cobertura fija. Thompson et al. (1997) modelizaron y midieron la 
transpiración y la ET durante eventos de riego usando un sistema de riego por 
aspersión de movimiento lateral y mostraron un descenso de alrededor del 80% en 
la transpiración durante los eventos de riego. Si bien los trabajos anteriores han 
determinado la reducción de la ET en el riego por aspersión en sistemas 
estacionarios de cobertura total y en sistemas dinámicos de desplazamiento lateral, 
no existen ningún trabajo previo en el que se haya estudiado de forma detallada 
(considerando la variabilidad espacial a lo largo del pívot) la reducción de la ET y de 
la transpiración de cultivos durante eventos de riego en un sistema de aspersión con 
pívot central. 
Las condiciones de viento fuerte y alta demanda evaporativa generalmente son más 
frecuentes durante el día que en la noche; por tanto, las WDEL son mayores durante 
los riegos diurnos (Playán et al., 2005; Cavero et al., 2008; Ortiz et al., 2009). Sin 
embargo, en muchos casos, por razones económicas, los sistemas de riego por 
aspersión están diseñados para operar las 24 horas del día en los periodos de 
máxima demanda, lo que obliga a regar durante el día y la noche. Playán et al. 
(2005) encontraron WDEL diurnas del 15,4% del agua aplicada en cultivo de hierba 
regado con sistema de aspersión de cobertura fija y 9,8% en suelo desnudo regado 
con un lateral de avance frontal. Estas pérdidas fueron mayores que las observadas 
en riegos nocturnos (WDEL de 8,5% en cobertura fija y 5,0% en lateral de avance 
frontal). En maíz regado con sistema de aspersión de cobertura fija, Cavero et al. 
(2008) observaron WDEL mayores durante riegos diurnos (21,7%) que durante 
riegos nocturnos (11,3%). Ortiz et al. (2009) observaron resultados similares en un 
cultivo de remolacha azucarera (Beta vulgaris L.) bajo sistema de aspersión con 
pívot central, donde las WDEL diurnas oscilaron entre 13,7 y 8,2% mientras que las 
WDEL nocturnas estuvieron únicamente entre 8,0 y 3,3% del agua aplicada. 
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La uniformidad de la distribución del agua de riego desciende bajo condiciones de 
viento fuerte (Dechmi et al., 2003; Kincaid et al., 1996; Tarjuelo et al., 1994; Tarjuelo 
et al., 1999a and 1999b). Es bien conocido que la velocidad del viento es mayor 
durante el día que durante la noche (Doorenbos and Pruitt, 1977). En el valle medio 
del Ebro Martínez-Cob et al. (2010) han realizado un extenso trabajo cuantificando 
esta diferencia. Cuando el viento arrastra el agua fuera de la zona regada, el patrón 
radial del chorro emitido por los aspersores se modifica. Seginer et al. (1991) 
observaron diferentes patrones de distribución del agua de riego con diferentes 
velocidades de viento (de 0, 2, 4, 6 y 8 m s-1), indicando que el área regada 
disminuyó alrededor de un 6% por cada incremento de 1 m s-1 en la velocidad del 
viento. Para velocidades entre 6 y 8 m s-1, estos autores observaron disminuciones 
del 20% en el área regada y también señalaron que el patrón de aplicación se 
desplazó de acuerdo a la dirección del viento. Cavero et al. (2008) observaron un 
menor coeficiente de uniformidad (CU) del riego durante los riegos diurnos (75%) 
que durante los riegos nocturnos (80%), siendo mayor la velocidad del viento 
registrada en riegos diurnos.  
La sensible respuesta del maíz a distintas dosis de riego justifica la necesidad de 
disminuir las WDEL y aumentar la uniformidad en cada aplicación. La producción del 
maíz bajo distintos sistemas de riego ha sido estudiada en algunos trabajos. En 
sistema de riego de movimiento lateral, Schneider and Howell (1998) compararon el 
rendimiento del maíz regado con sistema de emisores de baja presión [low energy 
precision application (LEPA)] frente al regado con aspersores a 0,3 m por encima de 
la cubierta vegetal. En el sistema LEPA el agua fluye desde unos sacos instalados 
en las boquillas directamente hacia el suelo de cada surco; de este modo el sistema 
LEPA genera menores WDEL que en aplicaciones por encima de la cubierta vegetal. 
Sin embargo, Schneider and Howell (1998) no observaron diferencias en el 
rendimiento al utilizar estos dos métodos. Colaizzi et al. (2011) compararon la 
producción del maíz en riego por goteo subterráneo [subsurface drip irrigation (SDI)] 
y en riego por aspersión de movimiento lateral utilizando emisores: a media altura 
[mid-elevation spray application (MESA)], a baja altura [low elevation spray 
application (LESA)] y de baja presión (LEPA) en los cuales la altura de aplicación 
desde el suelo era de 1,5 m, 0,3 m, y 0 m, respectivamente. Colaizzi et al. (2011) 
aplicaron el 0, 25, 50, 75 y 100% de los requerimientos hídricos del cultivo en cada 
sistema de riego. El rendimiento obtenido con MESA, LESA y SDI no presentó 
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diferencias significativas con el 100% de los requerimientos hídricos (en el primer 
año de ensayo) y con todas las dosis aplicadas (en el año siguiente). En condiciones 
de déficit en el suministro de riego, unas menores WDEL representarían más agua 
disponible para la transpiración de las plantas; mientras que en condiciones de 
suministro del 100% de los requerimientos hídricos, el efecto negativo en el 
rendimiento causado por las mayores WDEL se compensaría con el efecto positivo 
de la reducción de la ET que ocurre durante el riego por aspersión. Sin embargo, si 
las WDEL son bajas esta contribución de la reducción de la ET sería menor. 
Cavero et al. (2008) encontraron que el riego por aspersión diurno produjo un 10% 
menos de grano de maíz comparado con el riego por aspersión nocturno. Este 
descenso del rendimiento estuvo relacionado con unas mayores WDEL y una menor 
uniformidad de aplicación durante el riego diurno. El conocimiento de qué aspecto 
técnico del sistema de riego (pérdidas de agua o uniformidad de riego) tiene mayor 
influencia sobre el rendimiento del maíz puede clarificar qué acciones deben 
realizarse para aumentar la eficiencia del riego. Si la disminución deI rendimiento del 
maíz regado de día se debe a las mayores WDEL, el aumento del agua aplicada 
podría dar lugar a un rendimiento similar al obtenido con el riego nocturno (Dechmi 
et al., 2004). Sin embargo, si el descenso del rendimiento es debido principalmente a 
la menor uniformidad del riego, sólo aquellas acciones que incrementen la 
uniformidad (por ejemplo la disminución del marco de los aspersores) podrían 
eliminar la diferencia de rendimiento entre el riego por aspersión diurno y nocturno. 
Cavero et al. (2008) no pudieron discernir si la disminución en el rendimiento del 
maíz regado de día se debió a las mayores WDEL o al menor CU. Es importante 
establecer cuál de estos factores influye más sobre el descenso del rendimiento para 
poder adoptar las acciones correctivas más adecuadas. 
1.1.3 Efectos del riego por aspersión sobre el microclima y la fisiología de los 
cultivos. 
El agua que se evapora durante (WDEL) y posteriormente (IL) al riego por aspersión 
modifica el microclima en el que crecen las plantas. Así durante el riego y algún 
tiempo después la temperatura y el VPD del aire disminuyen (Robinson, 1970; Kohl 
and Wright, 1974; Kraus, 1966; Thompson et al., 1993; Tolk et al., 1995; Cavero et 
al., 2009). Estos cambios son más importantes en los riegos diurnos (Cavero et al., 
2009). 
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Los cambios microclimáticos durante el riego por aspersión diurno causan cambios 
fisiológicos en los cultivos los cuales podrían afectar a su crecimiento y producción. 
Un cambio fisiológico relevante durante el riego por aspersión es la reducción en la 
transpiración del cultivo (McNaughton, 1981; Tolk et al., 1995; Martínez-Cob et al., 
2008), la cual se considera como aspecto positivo porque supone una reducción de 
las WDEL (Martínez-Cob et al., 2008). Otro cambio relevante durante el riego por 
aspersión es el descenso en la temperatura de la cubierta vegetal (Tolk et al., 1995; 
Steiner et al., 1983b; Saadia et al., 1996; Cavero et al., 2009), la cual podría tener un 
efecto positivo cuando las temperaturas son muy elevadas (Mahan et al., 1995; 
Wanjura and Upchurch, 2000), como en las primeras horas de la tarde durante los 
meses de verano (julio y agosto) en climas semiáridos. Sin embargo, si la 
temperatura vegetal desciende por debajo del valor óptimo, podría descender la 
fotosíntesis (Mahan et al., 1995). La temperatura de la hoja óptima para la 
fotosíntesis se ha establecido en 28º C para el maíz (Wanjura and Upchurch, 2000) 
Durante el riego por aspersión del maíz, se han observado descensos en la 
temperatura de la cubierta vegetal en un rango de 4 a 6 ºC, situando dicha 
temperatura en un rango entre los 19 y 28º C (Tolk et al., 1995; Cavero et al., 2009). 
En el caso de la alfalfa (Medicago sativa L.) se ha observado un rango óptimo de 
temperatura para la fotosíntesis entre 20 y 30 ºC (Chatterton and Carlson, 1981; 
Brown and Radcliffe, 1986; Ziska and Bunce, 1994). 
Hirasawa and Hsiao (1999) encontraron un descenso en la conductancia estomática 
y la fotosíntesis del maíz durante la tarde en un cultivo de maíz bien regado en 
California (alta evapotranspiración). Este descenso en la fotosíntesis durante las 
tardes de días de verano ha sido observado en otros estudios (Huck et al., 1983; 
Puech-Suanzes et al., 1989; Bunce, 1990a and b; Pettigrew et al., 1990). Hirasawa 
and Hsiao (1999) indicaron que el descenso en la fotosíntesis ocurrió porque las 
plantas no pudieron transpirar a la tasa impuesta por las condiciones atmosféricas, 
lo cual causó un descenso en el potencial hídrico de la hoja. Hsiao (1990) propuso 
que el riego por aspersión puede reducir este estrés hídrico de la planta debido a los 
cambios microclimáticos durante el riego por aspersión. Howell et al. (1971) 
encontraron que el riego por aspersión intermitente incrementó el potencial hídrico 
de las hojas de Vigna unguiculata (L.) Walp. durante el riego y resultó en un mayor 
rendimiento que el tratamiento no regado por aspersión. Cavero et al. (2009) 
encontraron que el riego por aspersión incrementó el potencial hídrico de las hojas 
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del maíz desde -1,2 y -1,4 MPa a -0,54 MPa. Dado que la fotosíntesis de los cultivos 
se incrementa con el incremento del potencial hídrico en las hojas (Boyer, 1970a; 
Boyer, 1970b; Beadle et al., 1973), el riego por aspersión podría resultar en un 
incremento de la fotosíntesis. 
En un estudio con cámaras de crecimiento Hanba et al. (2004) encontraron que, 
mojando las hojas de una especie mojable (judía: Phaseolus vulgaris L.), descendió 
la fotosíntesis mientras que, mojando las hojas de una especie no mojable (guisante: 
Pisum sativum L.), aumentó la fotosíntesis. Este comportamiento diferente está 
relacionado con la presencia de una barrera para la absorción de CO2 causada por 
la capa de agua que cubre las hojas mojables, mientras que en las hojas no 
mojables esta barrera no se forma. El menor déficit de presión de vapor del aire 
debido al mojado de las hojas afecta positivamente a la fotosíntesis de las especies 
no mojables (Brewer and Smith, 1995 y 1997; Brewer et al. 1991; Smith and 
McClean, 1989). La relación entre mojabilidad de las hojas y fotosíntesis ha sido 
estudiada principalmente en ecosistemas naturales y especies no agrícolas (Brewer 
and Smith, 1995 and 1997; Smith and McClean, 1989).  
Liu and Kang (2006a) reportaron el trabajo de Yang et al. (2000) donde se 
observaron incrementos en la tasa de fotosíntesis del trigo (Triticum aestivum L.) en 
áreas regadas por aspersión. El maíz y la alfalfa están entre los principales cultivos 
bajo sistema de riego por aspersión en España y el mundo pero no hay información 
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1.2. OBJETIVOS.  
Objetivo general: Analizar en profundidad la eficiencia de aplicación y los cambios 
microclimáticos y fisiológicos durante el riego por aspersión. 
Objetivo 1. Analizar los cambios microclimáticos y fisiológicos y la eficiencia de 
aplicación en el riego por aspersión del maíz en un sistema de pívot central. 
(Capítulos 2 y 3). 
Objetivo 2. Analizar el efecto del riego por aspersión sobre la fotosíntesis del maíz y 
la alfalfa . (Capítulo 4). 
Objetivo 3. Analizar la relevancia del momento de riego y de las pérdidas de agua 
en el rendimiento del maíz regado con un sistema de cobertura total. (Capítulo 5). 
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Capítulo 2. Microclimatic and physiological changes under a center 
pivot system irrigating maize 
2.1 Introduction 
The acreage irrigated by sprinkler irrigation systems has increased in order to better 
meet the crop water requirements and increase the water application efficiency and 
the crop yield. For instance, sprinkler irrigation systems represent about 23% of the 
3.5 Mha of irrigated land in Spain. Among the different types of sprinkler irrigation 
systems, the center pivot offers several advantages such as the lower invest cost 
compared to solid-set, the high degree of automation and the high water application 
efficiency. Due to these factors, their use has become widespread around the world 
(Allen et al., 2000). Thus, center pivot is used in about 32 to 40 % of the irrigated 
land in several Spanish Irrigation Districts (MAGRAMA, 2011). In USA, the land 
irrigated by center pivot has increased by more than 50% from 1986 to 1996 (Evans, 
2001), while it accounted for 83% of the sprinkler systems on 2008, i.e. about 47% of 
the 22.2 Mha of irrigated land (USDA, 2008). 
Thompson et al. (1993) reported that during solid-set sprinkler irrigation a total 
amount of energy equivalent to 24% of the net radiation was transferred from the 
plant environment to the water droplets as they warmed during flight and after they 
impacted the canopy and soil. This leads to sprinkler irrigation water losses by 
evaporation during and after the irrigation. This evaporation of water modifies the 
crop microclimate. A decrease of air temperature and air vapor pressure deficit 
(VPD) has been reported (Robinson, 1970; Steiner et al., 1983; Thompson et al., 
1993; Tolk et al., 1995; Liu and Kang 2006a; Cavero et al., 2009). The microclimatic 
changes can also cause several crop responses. Howell et al. (1971) reported that 
during mist irrigation of peas (Vigna unguiculata (L.) Walp.), the air and canopy 
temperature decreased and the leaf water potential increased; in addition, a higher 
yield was observed as compared to the non-mist irrigated treatment. Liu and Kang 
(2006b) also reported decreases of canopy temperature of wheat (Triticum aestivum 
L.) of 0.3 to 2.8 °C in a sprinkler irrigated field as compared to a non-sprinkled field. 
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In maize (Zea mays L.), microclimatic (air temperature and air VPD) and plant 
physiological (canopy temperature, plant transpiration, leaf water potential) changes 
have been reported during sprinkler irrigation. Steiner et al. (1983b) compared the 
microclimatic and physiological conditions of crop maize under two types of irrigation 
system: center pivot sprinkler and surface irrigation. They reported that long-term 
daily average canopy and air temperatures at the center pivot field were 1.0 ºC and 
1.5 ºC, respectively, cooler than at the surface irrigation field. This cooling effect of 
the center pivot irrigation was higher during days of high evaporative demand. Using 
a lateral move sprinkler irrigation system, Tolk et al. (1995) observed that during 
daytime irrigations the VPD decreased about 1.4 KPa, the canopy temperature 
decreased about 5.3ºC, and the transpiration rates decreased by 32%. Finally, 
Cavero et al. (2009) reported that during daytime solid-set sprinkler irrigation the air 
temperature and the VPD (measured at 0.5 m below crop canopy height) decreased 
between 3.3 and 4.4 ºC, and between 1.0 and 1.2 KPa, respectively; these 
decreases were lower when monitored at higher measurement heights. Cavero et al. 
(2009) also reported that canopy temperature decreased between 4 to 6 ºC, the crop 
transpiration rate was reduced by 58%, and leaf water potential increased from 
values of -1.2 to -1.4 MPa to values of -0.52 to -0.57 MPa. In general, these studies 
reported that these microclimatic and plant physiological changes during the sprinkler 
irrigation event only last for a few hours after the irrigation finishes. 
These microclimatic and physiological changes affect the efficiency of the sprinkler 
irrigation application (Tolk et al., 1995; Martínez-Cob et al., 2008), so they are 
relevant to the modeling of sprinkler irrigation efficiency (Zhao et al., 2012). It is 
important to gather information of those changes under different irrigation systems 
and meteorological, crop and land conditions so a larger database can be obtained to 
test those models under different scenarios. 
In center pivots due to its rotation movement, the water application rates and 
irrigation duration vary along the pivot arm portions. As the abovementioned 
microclimatic and physiological changes are the consequence of the evaporation 
water lost during and after the irrigation and those losses depend on the application 
rates and irrigation duration, the microclimatic and physiological changes could be 
different along the different pivot arm portions and they could also be different 
compared to other sprinkler irrigation systems. This variability and a detailed analysis 
of the microclimatic changes during the irrigation events were not addressed in 
Capítulo 2 
 
- 13 - 
previous work (Steiner et al., 1983b). The goal of this work was to study the 
variability of the magnitude and duration of various microclimatic (air temperature and 
VPD) and physiological (canopy temperature and plant transpiration) changes in a 
center pivot sprinkler system irrigating a maize crop and how they affect the water 
use. 
2.2 Materials and Methods 
2.2.1 Experimental Site 
The experiment was carried out from June to September 2008 in a maize commercial 
plot of 32.3 ha irrigated with a center pivot sprinkle irrigation system (VXP, Irrifrance, 
Paulhan, France), and located at Valfarta (Huesca, Spain) (41º33’N latitude and 
0º07’W longitude; 354 m altitude). The climate is Mediterranean semiarid with a 
yearly average precipitation of 400 mm and mean annual air temperature of 14.3º C. 
Maize cultivar Pioneer PR34N44 was planted on 15 April 2008. A final plant density 
of 68,000 plants ha-1 was attained as determined by counting and averaging the 
number of plants within 15 sampling spots of 3.0 m2 each. This sampling was 
performed on 6 October, few days before harvest. The soil is classified as Typic 
Torrifluvents and the texture is silty loam. Agronomic practices (fertilization, weeds 
and pest control, etc.) common in the region were conducted by the owner of the 
commercial plot. For irrigation scheduling, the farmer obtained the maize irrigation 
requirements from the Spanish Irrigation Advisory System (SIAR) (MARM, 2011). 
The SIAR System includes a network of automated weather stations, one of them 
located 3 km southeast from the experimental plot. This station (thereafter the 
‘nearby grass station’) is located over grass following the reference conditions 
defined by Allen et al. (1998). The SIAR System uses the average daily 
meteorological data recorded (air temperature and relative humidity, wind speed and 
direction, solar radiation and precipitation) to get daily estimates of ETo, and locally 
adjusted maize crop coefficients to calculate the weekly crop evapotranspiration and 
irrigation requirements using the FAO approach (Allen et al., 1998). An irrigation 
efficiency of 0.85 is used to calculate the irrigation requirements. The weekly 
irrigation requirements were divided by the water depth applied by the pivot (≈ 13 
mm) to determine the number of irrigations per week. 
Capítulo 2 
 
- 14 - 
The pivot arm was 322 m long and was divided into six portions of 49.4 m length 
each and a final overhang of 25.6 m length (Figure 2.1, Table 2.1). The main pipe 
had a diameter of 0.163 m. The number of impact sprinklers in each pivot arm portion 
and the general characteristics of the center pivot system are shown in Table 2.1. All 
sprinklers had a pressure regulator (Model PSR30, Senninger Irrigation Inc., 
Clement, FL, USA) and were located at the top of the main pipe (Photo 2.1). A 
complete turn of the center pivot over the whole plot lasted about 31 h. 
Table 2.1. General characteristics of the center pivot system. 
Number of sprinklers Pivot arm 









    mm m m 
1 5  5 2.8 - 4.8   48.3 9.3 
2 7  7 4.8 - 5.4   97.8 7.0 
3 2 6 8 4.2 - 5.8 147.2 6.2 
4  8 8 4.8 - 6.0 196.6 6.2 
5 12 4 16 4.2 - 6.0 246.1 3.1 
6  16 16 4.4 - 5.6 295.5 3.1 
Overhang  8 8 4.6 - 5.4 321.1 2.9 
a Distance of the corresponding tower to the central axis of the pivot. 
Irrigation pressure (Pi, kPa) was measured along the measurement period using 
pressure transducers (Model 2200/2600, Gems Basingstoke, Hampshire, UK) 
installed in the last sprinkler of pivot arm portions 2, 4 and 5 (Figure 2.1). Each 
pressure transducer was placed between the pressure regulator and the sprinkler 
and connected to a logger (Model ES120, Dickson, Addison, IL, USA) which 
monitored and recorded instantaneous pressure values every 5 min. 
2.2.2 Microclimatic and Physiological Changes 
Determining the microclimatic and physiological changes occurring during the 
irrigation events required simultaneous measurements at an irrigated and a non-
irrigated area (i.e. an area under the same conditions than those of the irrigated area 
but irrigated at a different time). Thus three meteorological stations (thereafter, the 
experimental weather stations A, B and C) and sap flow measurement systems were 
installed at a transect AC located at northeast of the plot (Figure 2.1), approximately 
in the middle of the pivot arm portions 2, 4 and 5, respectively. A fourth 
meteorological station (thereafter, the experimental weather station D) and a sap flow 
measurement system were installed at spot D, 270 m far away from transect AC 
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(Figure 2.1). Two treatments were established in this field experiment: a) moist 
treatment, measurements taken at the stations A to C in the transect AC when the 
pivot arm was irrigating it; b) dry treatment, measurements simultaneously taken at 
the station D when the transect AC was being irrigated. At that time, about 8 to 10 h 
have passed since the pivot arm irrigated the spot D due to the duration of the 
rotating movement (counter clockwise) of the pivot (about 31 h), and the distance 
between the dry spot D and the transect AC (270 m). This time was enough to dry 
out all intercepted water from plants in the area surrounding that spot D by the time 
the pivot arm reached the transect AC. For this reason, that spot D was considered 
the dry treatment. The size of the pivot irrigation system, its speed and the 
localization of the different sensors allowed enough fetch for the different 
measurements. 
An air temperature and relative humidity probe (HMP45C, Vaisala, Helsinki, Finland) 
was installed at each experimental weather station (A to D) at 2.9 m above ground 
(Photo 2.2). Measurement height was kept constant along the experiment. The 
accuracy of the probes was ± 0.3ºC for air temperature and ± 2% for relative 
humidity. For canopy temperature measurement, an infrared thermometer (Model 
IRR-P, Apogee Instruments, Inc., Roseville, CA) with an accuracy of ± 0.5ºC was 
also placed at three of the experimental weather stations (A, B and D) at 1.0 m above 
the crop canopy with an angle of 45º, oriented towards the north. In addition, a net 
radiometer (NR-Lite, Kipp&Zonen, Delft, The Netherlands) with an accuracy ±30 W 
m-2 at 1000 W m-2, and a cup anemometer (A100R, Vector Instruments, Rhyl, UK) 
with an accuracy of ±0.1 m s-1 were installed at 2.9 m above ground at experimental 
weather station D. At each experimental weather station, those variables (air 
temperature and relative humidity, canopy temperature, and, at spot D, net radiation 
and windspeed) were monitored continuously every 10 s and their average values 
were recorded every 5 min by a datalogger (model CR10X at experimental weather 
stations A and B, model CR23X at experimental weather stations C and D, Campbell 
Scientific, Inc. Logan, UT, USA). The VPD was calculated from the recorded data of 
air temperature and relative humidity, following the methodology described by Allen 
et al. (1998).  
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Figure 2.1. Layout of the experimental plot. A to C, sap flow and meteorological 
stations along the transect AC (moist treatment). D, sap flow and meteorological 
station at the dry treatment. Mp, pivot arm. Pr, irrigation pressure transducers. R1-
6, radius from each pivot tower to the center pivot. M, the movement of the center 
pivot in counter clock wise direction (SIGPAC, 2011). 
The transpiration rates were determined from sap flow measurements using the heat 
balance method (Baker and van Bavel, 1987; Weibel and Boersma, 1995; Van Bavel 
2005). This method was chosen because it had been previously used on maize in 
similar studies to this (Tolk et al., 1995; Martínez-Cob et al., 2008). Next to each 
experimental weather station, a Flow4 datalogger (Dynamax, Houston, TX, USA) 
was installed to monitor, log and process data collected by four sap gauges SGB19 
(Dynamax) each of them installed on a plant (Photo 2.3). 
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Readings were taken every 10 min. The sap gauges were moved to another set of 
four plants within the same area of the field on July 25 and 14 August of 2008 to 
avoid any possible damage to the plants (Van Bavel, 2005). Each gauge had a soft 
foam collar surrounding the electronics. In addition, once installed in the plant, each 
gauge was surrounded by a weather shield (aluminium bubble foil) such it held a 
cylindrical shape. The aluminium top shield was secured using insulation tape. The 
shield kept out water and prevented radiation from affecting readings (Van Bavel, 
2005). Following this author, the datalogger was set to apply a continuous average 
voltage of 4.0 V while the heater resistance of the different gauges varied between 
58.9 to 64.6 Ω. Van Bavel (2005) thoroughly describes the elements of the gauges, 
the electronics, the recorded variables and the equations used to process them to 
obtain transpiration rates at each gauge. The 10-min transpiration rates at each 
measurement spot were determined as the average of those obtained from the four 
sampled plants per spot. These values were determined in g h-1 and transformed into 
mm h-1 using the average number of plants m-2 measured at each spot (6.8 plants m-
2). Unlike the 5-min averages of air temperature and VPD and canopy temperature 
that were recorded continuously along the experiment, the 10-min transpiration rates 
were only recorded for specific irrigation events due to limitations of the memory of 
the dataloggers used. For the abovementioned time scan (10 min), the datalogger’s 
memory could only hold 24 h data so the values from 3 hours before the pivot arm 
passed over the transect AC until at least 6 hour after passing were recorded. Those 
specific irrigation events were monitored in situ, in general once per week. 
We considered two set of data for the different variables (temperature and VPD of 
the air, canopy temperature and plant transpiration): 
a) Transpiration-measured irrigation events: the seven irrigation events for which 
plant transpiration rate was measured and we were in situ to observe when 
the center pivot was passing over the transect AC. 
b) Remaining irrigation events: the 27 irrigation events for which transpiration 
rate was not measured and we were not in situ to observe when the center pivot 
was passing over the transect AC. 
A transpiration-measured irrigation event was established as the time (tir) that took 
the pivot to run over a distance L of 18 m, 9 m either side of the transect AC. This 
value of 9 m was established by visual inspection of the moistening radius of the 
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pivot sprinklers. For each irrigation event, the value of tir was different for each 
monitored pivot arm portion (2, 4 and 5). For each transpiration-measured irrigation 
event the 5-min irrigation pressure values were averaged for the time tir. These 
average irrigation pressure values (Pi, kPa) were used to calculate the gross water 
depth applied (Is, mm) at each monitored pivot arm portion. The following expression, 







360000035.0 225.0 += π  (2.1) 
where: disc  is the discharge coefficient, 0.98 (Martínez-Cob et al., 2008); Ld  is the 
large nozzle diameter (mm); sd  is the small nozzle diameter (mm); gt  is the time (h) 
to complete a turn; sA  is the surface area (m
2) irrigated by the sprinklers of pivot arm 
portion. The corresponding surface area for pivot arm portions 2, 4 and 5 were 
23,177, 53,887 and 69,242 m2, respectively. 
The time tg was determined for each pivot arm portion as follows: 
ω
π rtg ⋅= 2  (2.2) 
where: r is the radius at the end of the evaluated pivot arm portion (m); ω  is the 
angular speed of the pivot (m h-1) computed from the values of tir. 
The remaining irrigation events were not identified in situ. They were defined as 
those periods for which differences between the two treatments (dry and moist), for 
each pivot arm portion and variable (temperature and VPD of the air, and canopy 
temperature), were higher than the accuracy of measuring instruments, and the 
evolution of the 5-min values of these variables was similar to that observed during 
the transpiration-measured irrigation events. Only those remaining irrigation events 
identified for daytime periods, between 8:00 and 18:00 h Greenwich Mean Time 
(GMT), were selected. 
The half-hour values of wind speed and direction, solar radiation, air temperature, 
and relative humidity recorded by the ‘nearby grass station’ were used to 
characterize the general standard meteorological conditions in the area during the 
different irrigation events. 
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2.2.3 Statistical Analysis 
The 5-min averages of air temperature, air VPD and canopy temperature, and the 
10-min values of transpiration rates recorded for the moist treatment were compared 
to those simultaneously recorded for the dry treatment for each transpiration-
measured irrigation event. 
Three phases were identified: 1) phase before: time period that started when the 
differences between the dry and moist treatments were higher than the accuracy of 
measuring instruments and finished when the pivot arm portion was 9 m ahead of the 
transect AC; 2) phase during: time period corresponding to tir; and 3) phase after: 
time period that started when the arm portion had surpassed the transect AC by 9 m 
and finished when the differences between treatments were less than the accuracy of 
measuring instruments. 
For a given irrigation event and pivot arm portion, the duration of the phases before 
and after was independently established for each monitored variable. Once identified 
the different phases for each irrigation event, the 5-min values (or 10-min values) of 
each variable and pivot arm portion were averaged over the time of duration of each 
phase. These average values obtained in the moist and dry treatments in the 
different irrigation events for each pivot arm portion and phase were compared with a 
paired t-test and a level of significance of P= 0.05.  
For the remaining irrigation events, it was established a single phase integrating the 
phases before, during and after established for the transpiration-measured irrigated 
events. The 5-min values of air temperature and VPD and canopy temperature were 
averaged for the overall duration of each remaining irrigation event. The values 
obtained in the moist and dry treatments in the different irrigation events for each 
pivot arm portion were compared with a paired t-test and a level of significance of P= 
0.05. 
Linear regression analysis was used to determine the relationships between the 
microclimatic and physiological changes due to sprinkler irrigation and the climatic 
conditions. 
The Statgraphics software was used for the analysis. 
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Photo 2.1. Image of the center of pivot (left ) and section of center pivot showing 
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Photo 2.3. Sap flow equipment used to measure the transpiration rates. 
 
2.3 Results and Discussion 
2.3.1 Characteristics of the Irrigation Events 
The average duration of the transpiration-measured irrigation events decreased with 
the distance to the center of the pivot ranging from 1.6 h for pivot arm portion 2 to 0.5 
h for pivot arm portion 5 (Table 2.2). All these irrigation events started between 8:25 
and 10:55 GMT. 
The average irrigation pressure in the three pivot arm portions was 197 kPa with a 
coefficient of variation (CV) of 3% (Table 2.2). This low CV value indicated a quite 
constant irrigation pressure during the transpiration-measured irrigation events. On 
average, the irrigation pressure in the pivot arm portion 2 was slightly higher (209 
kPa) than that in the portions 4 (190 kPa) and 5 (192 kPa) (Table 2.2). The average 
applied water in the three monitored pivot arm portions was similar, 14.2 (pivot arm 
portion 2), 13.1 (pivot arm portion 4), and 13.9 mm (pivot arm portion 5). 
There were some differences between the average meteorological conditions 
recorded during the transpiration-measured irrigations events (Table 2.3). The overall 
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mean air temperature was 27.2ºC, but the individual mean temperatures ranged 
between 22.8 °C (13 August) and 32.5 ºC (31 July). The cooler irrigation event (13 
August) was also the windiest, while the hottest irrigation event (31 July) showed the 
highest VPD. No precipitation was recorded during the transpiration-measured 
irrigation events. 
 













(dd/mm) ---------- h ----------- kPa % mm mm % 
24/07 08:25 1.70 208  14.6 13.0 18 
31/07 09:35 1.62 218 0.8 14.9 13.4 15 
06/08 09:00 1.62 214 0.5 14.8 12.6 14 
13/08 09:05 1.55 216 0.6 14.2 10.6 19 
21/08 09:20 1.55 198 1.0 13.6 12.8 14 
28/08 09:45 1.62 207 1.0 14.5 12.3 12 
2 
10/09 10:15 1.62 208 3.3 14.6 13.3 10 
24/07 08:40 0.62 193 2.2 13.6 11.9 7 
31/07 09:55 0.60 197 1.6 13.8 12.3 11 
06/08 09:15 0.60 194 1.9 13.6 12.3 10 
13/08 09:20 0.57 197 1.0 13.1 9.5 13 
21/08 09:35 0.57 177 2.4 12.4 11.9 6 
28/08 10:00 0.60 181 1.9 13.2 11.9 8 
4 
10/09 10:30 0.60 194 1.6 13.7 12.9 7 
24/07 08:40 0.50 195 0.3 14.4 13.3 12 
31/07 09:55 0.48 199 1.3 14.5 13.4 14 
06/08 09:20 0.48 197 1.5 14.5 12.9 14 
13/08 09:20 0.45 200 0.7 13.9 10.4 13 
21/08 09:40 0.45 174 0.8 13.0 12.6 10 
28/08 10:00 0.48 179 0.9 13.8 12.6 12 
5 
10/09 10:30 0.48 202 0.6 14.7 13.3 10 
a Greenwich Mean Time. 
b CV, coefficient of variation. 
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Table 2.3. Meteorological conditions during each transpiration-measured irrigation 
event, recorded at the ‘nearby grass station’ of Valfarta. 







 ºC kPa m s-1 W m-2 
24 July  28.0 1.9 2.0 742 
31 July  32.5 3.6 1.5 880 
6 August  29.9 2.6 1.8 772 
13 August  22.8 1.7 3.5 723 
21 August  27.4 1.7 2.0 780 
28 August  26.6 1.6 0.9 768 
10 September  27.3 1.8 1.6 651 
a Station included in the network SIAR (Spanish Irrigation Advisory System) (MARM, 
2011). 
 
2.3.2 Microclimatic Changes 
The time evolution of air temperature and VPD recorded from 2 h before until 6 h 
after the transpiration-measured irrigation event on 6 August 2008 is shown in Figure 
2.2. Before the irrigation event, there was a period for which there were no 
differences between treatments; but as the center pivot was approaching transect 
AC, the values recorded at the moist treatment started to decrease compared to the 
dry treatment (phase before). For the phase during, that decrease became much 
higher. Finally, for the phase after, the observed reductions at the moist treatment, 
although gradually diminishing, lasted for some time until finally the values became 
again similar to those recorded at the dry treatment. In general, this time evolution 
was similar to that observed for all transpiration-measured irrigation events. 
In general terms, the evolution of the monitored variables studied in this work during 
and after the transpiration-measured irrigation events was similar to that described in 
previous works (Steiner et al., 1983b; Thompson et al., 1993; Tolk et al., 1995; 
Saadia et al., 1996; Liu and Kang 2006a; Cavero et al., 2009). However, a reduction 
of the air temperature and VPD before the pivot irrigated the AC transect has not 
been previously observed. 
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Figure 2.2. 5-min averages of microclimatic variables (temperature and vapour 
pressure deficit (VPD) of the air) and physiological variables (canopy temperature 
and transpiration rate) monitored at the different pivot arm portions on 6 August, 
2008 since 2 h before until 6 h after the irrigation event. MT, moist treatment. DT, 
dry treatment. The vertical solid lines indicate the start and the end of the irrigation 
event over the transect AC. The vertical dashed lines indicate the period during 
which the monitored variables were different between the two treatments before 
(B), during (D) and after (A) irrigation event. 
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Monteith and Unsworth (2008) indicated that the values recorded by a meteorological 
station are affected by the vegetation type and characteristics and the plant-
atmosphere interchange within the fetch distance surrounding the station, particularly 
upwind the measurement spot. Roughly, the fetch distance is estimated as 100 times 
the measurement height; thus, in this work, the fetch distance was about 290 m 
around the station skewed to the upwind direction. 
Due to the rotating movement of the pivot, the nearby areas were already being 
moistened by irrigation as the pivot was approaching the transect AC, leading to 
microclimatic changes at those nearby areas, within the fetch distance of the station 
at that transect. Then those microclimatic changes at the nearby areas were likely 
causing the differences among treatments observed at the phase before. This effect 
was somewhat larger when the wind was blowing from the east as the pivot rotation 
was counter-clockwise. Thus, the average decrease in air temperature and VPD 
were about 0.7 °C and 0.21 kPa, respectively, with a duration of about 0.9-1.0 h for 
those events for which predominant wind direction was east (with average windspeed 
of about 1.9 m s-1), while the average decrease in air temperature and VPD were 
about 0.5 ºC and 0.15 kPa, respectively, with a duration of about 0.5-0.7 h for those 
events for which wind was blowing from other directions (with average windspeed of 
about 3.0 m s-1). 
The differences between treatments for the air temperature and VPD during the 
transpiration-measured irrigation events were significant (P=0.05) for the three 
phases, before, during and after, and the three pivot arm portions (Tables 2.4 and 
2.5). For the phase before, the average decreases for the moist treatment were 0.5 
to 0.7 °C (2.1 to 2.8 %) for air temperature, and 0.16 to 0.25 kPa (14.2 to 20.6 %) for 
VPD of the air. The average duration of phase before was 0.6 to 0.8 h for air 
temperature and 0.6 to 0.7 h for VPD of the air.  
For the phase during, the average decreases for the moist treatment were much 
higher than those for the phase before, amounting 1.8 to 2.1 ºC (7.1 to 8.2%) for air 
temperature and 0.53 to 0.61 kPa (37.8 to 45.9%) for VPD of the air. Finally, for the 
phase after, the decreases for the moist treatment were less than those for the phase 
during, amounting 0.8 to 1.3 ºC (2.8 to 4.9%) for air temperature and 0.30 to 0.41 
KPa (14.8 to 26.6%) for VPD of the air. 
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Table 2.4. Average values of air temperature recorded in the moist (TMT) and dry 
(TDT) treatments before, during and after the transpiration-measured irrigation events 
at the pivot arm portions 2, 4 and 5. 
Air Temperature Duration 
Phase Pivot arm portion N
a Mean 
TMT 
SDb Mean TDT 
SD Mean CVc 
   -----------------(ºC) ----------------- h % 
2 6 23.8 bd ± 1.7 24.4 a ± 1.9 0.8 20 
4 4 23.4 b ± 2.4 23.9 a ± 2.5 0.6 54 Before 
5 4 24.4 b ± 2.0 25.1 a ± 2.1 0.7 43 
2 7 23.5 b ± 1.9 25.6 a ± 2.4 1.6 3 
4 7 23.4 b ± 1.9 25.2 a ± 2.3 0.6 11 During 
5 7 23.2 b ± 1.6 25.2 a ± 2.3 0.5 10 
2 7 27.9 b ± 2.5 28.7 a ± 2.3 1.5 21 
4 7 26.3 b ± 3.2 27.4 a ± 2.8 1.3 31 After 
5 7 25.1 b ± 2.5 26.4 a ± 2.3 1.0 29 
a Number of transpiration-measured irrigation events. 
b Standard deviation. 
c Coefficient of variation. 
d For each phase and pivot arm portion the air temperature values marked with 
different letters indicate that they were significantly different after a paired t-test (P = 
0.05). 
The observed decreases in air temperature and VPD in this study were similar to the 
reductions in the long-term daily averages of air temperature and VPD due to center 
pivot sprinkler irrigation reported by Steiner et al. (1983a). The decreases in air 
temperature and VPD listed on Tables 2.4 and 2.5 for the phases during and after 
were within the ranges reported by previous works on sprinkler irrigation with other 
irrigation systems (Thompson et al., 1993; Tolk et al., 1995; Saadia et al., 1996; Liu 
and Kang 2006a; Cavero et al., 2009). The decrease in air temperature and VPD 
lasted about 1.3 h after the irrigation event finished (Tables 2.4 and 2.5), which is 
similar to durations reported in other works (Thompson et al., 1993; Tolk et al., 1995; 
Saadia et al., 1996; Cavero et al., 2009). 
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Table 2.5. Average values of air vapor pressure deficit (VPD) recorded in the moist 
(TMT) and dry (TDT) treatments before, during and after the transpiration-measured 
irrigation events at the pivot arm portions 2, 4 and 5.  
Vapor pressure deficit  Duration 
Phase Pivot arm portion N
a Mean 
TMT 
SDb Mean TDT 
SD Mean CVc 
   -----------------(KPa) ----------------- h % 
2 6 0.92 bd ± 0.37 1.11 a ± 0.45 0.7 43 
4 4 0.97 b ± 0.46 1.13 a ± 0.51 0.6 54 Before 
5 4 1.01 b ± 0.40 1.26 a ± 0.48 0.7 43 
2 7 0.87 b ± 0.25 1.40 a ± 0.44 1.6 3 
4 7 0.80 b ± 0.30 1.33 a ± 0.43 0.6 11 During 
5 7 0.72 b ± 0.20 1.33 a ± 0.44 0.5 10 
2 7 1.72 b ± 0.51 2.02 a ± 0.51 1.4 21 
4 7 1.39 b ± 0.62 1.76 a ± 0.54 1.3 31 After 
5 7 1.13 b ± 0.37 1.54 a ± 0.41 1.1 30 
a Number of transpiration-measured irrigation events. 
b Standard deviation. 
c Coefficient of variation. 
d For each phase and pivot arm portion the air temperature values marked with 
different letters indicate that they were significantly different after a paired t-test (P = 
0.05). 
For the remaining irrigation events, the air temperature for the moist treatment 
significantly decreased 1.4 to 1.6 °C (5.3 to 6.0 %) on average, while the VPD of the 
air significantly decreased 0.46 to 0.48 kPa (24.2 to 26.2 %) on average (Table 2.6). 
These decreases were slightly higher than those observed for the transpiration-
measured irrigation events when the phases before, during and after were integrated 
into a single period (Table 2.6). This slight difference between the microclimatic 
changes observed for the transpiration-measured and those for the remaining 
irrigation events was probably due to the climatic conditions during both 
measurement periods. As discussed later, the observed decreases in air temperature 
and VPD for the moist treatment were higher as the air temperature and VPD at the 
nearby ‘grass station’ were higher (Figures 2.3 and 2.4). Given that the transpiration-
measured irrigation events were monitored early in the morning while the remaining 
irrigation events covered the whole daytime period, air temperature and VPD at the 
nearby ‘grass station’ were lower during the transpiration-measured irrigation events. 
Thus, changes were slightly lower in the transpiration-measured irrigation events. 
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Table 2.6. Average values of air temperature, vapor pressure deficit and canopy 
temperature recorded in the moist (TMT) and dry (TDT) treatments along the different 
pivot arm portions (PAP) for the 7 transpiration-measured irrigation events and the 27 
remaining irrigation events. 
  
Transpiration-measured 








  ------- ºC ------- h % ------- ºC ------ h % 
 2 25.4 bc 26.7 a 3.8 9 25.0 b 26.6 a 3.0 30 
Air 
temperature 4 25.1 b 26.2 a 2.3 28 25.2 b 26.8 a 2.4 29 
 5 24.5 b 25.7 a 2.0 26 25.1 b 26.5 a 2.4 33 
  ------- kPa ------   ------ kPa ------   




4 1.20 b 1.56 a 2.3 28 1.44 b 1.90 a 2.4 29 
 5 1.03 b 1.43 a 2.1 23 1.35 b 1.83 a 2.4 33 
   ------- ºC -------   ------- ºC -------   
Canopy 
temperature 2 23.1 b 24.9 a 4.1 30 24.2 b 26.0 a 4.0 22 
 4 23.0 b 24.7 a 4.5 36 24.3 b 26.1 a 3.6 21 
a Mean duration. 
b Coefficient of variation. 
c For each variable, pivot arm portion and irrigation type event the values marked 
with different letters were significantly different after a paired t-test (P = 0.05).  
The magnitude of the decreases in air temperature and VPD for the moist treatment 
was, in general terms, relatively similar between the three pivot arm portions for both 
transpiration-measured and remaining irrigation events (Table 2.6); nevertheless the 
decreases in VPD of the air for the phase after at the former irrigation events slightly 
increased from the center to the end of the pivot (Table 2.5). 
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The main difference between the three pivot arm portions was the duration of those 
decreases in air temperature and VPD. That duration was highly variable as 
indicated by the high coefficients of variation obtained (Tables 2.4 to 2.6), but, on 
average, the total durations of the microclimatic changes observed for the 
transpiration-measured irrigation events (when integrating the three phases before, 
during and after) were much higher at pivot arm portion 2 (the closest to the center of 
the pivot) than the duration at the pivot arm portion 5, the furthest from the center of 
the pivot. Relatively similar results were observed for the remaining irrigation events; 
the duration of the microclimatic changes at pivot arm portion 2 was about 0.6 h 
longer than the duration at pivot arm portion 5 (Table 2.6). There were no differences 
in the duration of the microclimatic changes between the pivot arm portions 4 and 5. 
This difference in the duration of the microclimatic changes was mainly due to the 
longer duration of the irrigation at pivot arm portion 2 (Table 2.5) and at a lesser 
extent to the longer presence of the pivot irrigating nearby areas within the fetch 
distance to station A such that the microclimatic changes in those areas were also 
affecting to the readings of that station. 
The average decrease in air temperature and VPD observed both in the 7 
transpiration-measured irrigation events and the 27 remaining irrigation events was 
higher as the air temperature and VPD measured over grass at the nearby ‘grass 
station’ were also higher (Figures 2.3 and 2.4). The linear regressions between the 
decreases in air temperature for the moist treatment and the air temperature at the 
nearby ‘grass station’, and between the decreases in VPD of the air for the moist 
treatment and the VPD of the air at the nearby ‘grass station’ were significant for the 
three pivot arm portions for the phase during at the transpiration-measured irrigation 
events (Figures 2.3A and 2.4A) and for the whole period of microclimatic changes at 
the remaining irrigation events (Figures 2.3B and 2.4B). The corresponding 
coefficients of determination ranged from 0.50 to 0.85. The 12 regression slopes 
shown in Figures 2.3 and 2.4 were significant at P < 0.01 (except one significant at 
P=0.07). In general, the relationships between the microclimatic changes and the 
mean meteorological conditions at the nearby ‘grass station’ increased from pivot 
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During the irrigation phase, the reduction of air temperature and VPD as the value of 
these variables increased in the nearby ‘grass station’ was greater in the outer pivot 
arm portion, probably due to the higher instantaneous water application rate. 
The relationships were stronger for the transpiration-monitored irrigation events 
(Figures 2.3A and 2.4A) as they are calculated only for the phase during, while these 
relationships for the remaining irrigation events (Figures 2.3B and 2.4B) were 
calculated for the whole period of microclimatic changes. These weaker relationships 
found at the remaining irrigation events were due to the integration of the three 
phases identified for the transpiration-measured irrigation events. In other words, 
including the microclimatic changes for the phases before and after smoothes the 
relationship between the general climatic conditions and the microclimatic changes 
observed for the phase during. 
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Figure 2.3. Relationship between the decrease in air temperature due to sprinkler 
irrigation and the air temperature measured over grass at a nearby ‘grass 
station’. PAP, Pivot Arm Portions. A, the Y axis represents the decrease in air 
temperature for the phase during at the 7 transpiration-measured irrigation 
events. B, the Y axis represents the decrease in air temperature observed for the 
whole duration of the 27 remaining irrigation events. 
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Figure 2.4. Relationship between the decrease in vapour pressure deficit (VPD) due 
to sprinkler irrigation and the VPD measured over grass at a nearby ‘grass 
station’. PAP, Pivot Arm Portions. A, the Y axis represents the decrease in VPD 
for the phase during at the 7 transpiration-measured irrigation events. B, the Y 
axis represents the decrease in VPD observed for the whole duration of the 27 
remaining irrigation events.  
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2.3.3 Physiological Changes 
Both physiological variables studied in this work (maize canopy temperature and 
transpiration) showed a similar behaviour for the monitored irrigation events. The 
time evolution recorded from 2 h before until 6 h after the transpiration-measured 
irrigation event on 6 August 2008 is shown in Figure 2.2. Before the irrigation event, 
there was a period for which there were no differences between treatments. As the 
center pivot was approaching to transect AC, the canopy temperature and maize 
transpiration recorded at the moist treatment started to decrease compared to the dry 
treatment (phase before). For the phase during, that decrease became much higher. 
Finally, for the phase after, the observed reductions at the moist treatment, although 
gradually diminishing, lasted for some time until finally the values became again 
similar to those recorded at the dry treatment. Thus, for the transpiration-measured 
irrigation events phase before the canopy temperature and the transpiration rates for 
the moist treatment decreased 1.0 to 1.2 ºC (4.3 to 5.2%) and 0.15 to 0.19 mm h-1 
(23.8 to 31.7 %), respectively (Tables 2.7 and 2.8). For the phase during, these 
decreases were higher and ranged from 3.1 to 3.8 ºC (11.7 to 14.5 %) for canopy 
temperature and from 0.22 to 0.28 mm h-1 (30.1 to 36.4 %) for transpiration rates. For 
the phase after, the physiological changes were smaller; thus the decreases for the 
moist treatment ranged from 1.1 to 1.4 ºC (4.0 to 5.2 %) for canopy temperature and 
0.14 to 0.24 mm h-1 (17.1 to 27.9 %) for transpiration rates (Tables 2.7 and 2.8).  
The magnitude and duration of the canopy temperature decreases for the moist 
treatment for the remaining irrigation events were similar to those observed for the 
transpiration-measured irrigation events when integrating the three phases, before, 
during and after (Table 2.6). Again, integrating the phases before and after smoothes 
the canopy temperature changes observed for the phase during. On average, the 
decrease of canopy temperature for the remaining irrigation events was 1.8 °C, which 
was similar in the transpiration-measured irrigation events. 
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Table 2.7. Average values of canopy temperature and duration recorded in the moist 
(TMT) and dry (TDT) treatments before, during and after the transpiration-measured 
irrigation events at the pivot arm portions (PAP) 2 and 4. 
Canopy Temperature Duration Phase PAP Na Mean TMT SDb Mean TDT SD Mean CVc 
   -----------------(ºC) ----------------- h % 
2 7 22.3 bd ± 2.7 23.3 a ± 2.8 1.8 64 Before 4 7 22.0 b ± 2.6 23.2 a ± 2.8 2.1 56 
2 7 23.3 b ± 2.1 26.4 a ± 2.0 1.6 3 During 4 7 22.4 b ± 1.9 26.2 a ± 2.0 0.6 11 
2 7 26.2 b ± 2.2 27.3 a ± 1.9 0.8 84 After 4 7 25.5 b ± 1.9 26.9 a ± 1.7 1.7 44 
a Number of transpiration-measured irrigation events. 
b Standard deviation. 
c Coefficient of variation. 
d For each phase and pivot arm portion the canopy temperature values marked with 
different letters indicate that they were significantly different after a paired t-test (P = 
0.05). 
Table 2.8. Average values of transpiration rate recorded in the moist (TMT) and dry 
(TDT) treatments before, during and after the transpiration-measured irrigation events 
at the pivot arm portions (PAP) 2, 4 and 5. The transpiration reduction duration and 
magnitude is also shown. 
Transpiration rate Duration Transpiration reduction Phase PAP Na 
TMT SDb TDT SD Mean CVc Mean 
   --------------- mm h-1 --------------- h % mm % 
2 3 0.48 bd ± 0.15 0.63 a ± 0.14 1.0 76 0.15 24 
4 7 0.41 b ± 0.07 0.60 a ± 0.15 0.9 67 0.17 31 Before 
5 3 0.53 b ± 0.17 0.69 a ± 0.18 1.7 60 0.27 24 
2 7 0.48 b ± 0.08 0.75 a ± 0.15 1.6 3 0.45 36 
4 7 0.51 b ± 0.06 0.73 a ± 0.15 0.6 11 0.15 30 During 
5 7 0.49 b ± 0.07 0.77 a ± 0.14 0.5 10 0.14 36 
2 7 0.62 b ± 0.16 0.86 a ± 0.11 1.8 73 0.43 28 
4 7 0.58 b ± 0.15 0.80 a ± 0.14 2.4 48 0.54 28 After 
5 7 0.68 b ± 0.11 0.82 a ± 0.13 2.4 63 0.34 17 
2      3.9 43 1.03 30 
4      4.0 35 0.86 29 All 
5      3.6 67 0.75 22 
a Number of transpiration-measured irrigation events. 
b Standard deviation. 
c Coefficient of variation. 
d For each phase and pivot arm portion the transpiration rate values marked with 
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Transpiration reduction due to irrigation in the moist treatment ranged from 0.75 mm 
(22%) to 1.03 mm (30%), with a higher reduction as closer to the center of the pivot 
(Table 2.8). This represents between 5 to 7% of the applied water. Tolk et al. (1995) 
working with a lateral move sprinkler irrigation system found 1.59 mm (32%) 
transpiration reduction, which represented 10% of applied water. Transpiration 
reduction during irrigation was related to the decrease of air temperature and VPD, 
but not to the decrease of canopy temperature (Figure 2.5). The strongest 
relationship was with the decrease of air VPD as found by others (Tolk et al., 1995; 
Ray et al., 2002; Yu et al., 2003). A stepwise regression analysis of the transpiration 
reduction versus the air temperature and VPD and the canopy temperature reduction 
showed that the air VPD was the only variable that explained the transpiration 
reduction. However, for the phases before and after the smaller changes in all these 
variables did not allow establishing a clear relationship with the slight reduction of 
transpiration rate (Figure 2.5). 
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Figure 2.5. Relationship between the maize transpiration reduction for the different 
phases (before, during and after) and the reduction of air temperature, air VPD and 
canopy temperature at the 7 transpiration-measured center pivot irrigation events. 
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Similar to the microclimatic change of air VPD due to irrigation, the transpiration rate 
reduction was also greater when the VPD of the air at the nearby ‘grass station’ was 
higher (drier days). Thus, Figure 2.6 shows the strong relationship between the 
transpiration reduction due to irrigation and the VPD of the air at the nearby ‘grass 
station’. This result agrees with previous works (Tolk et al., 1995; Martínez-Cob et al., 
2008; Cavero et al., 2009). However, the reduction of canopy temperature was not 
related to the VPD of the air but for the pivot arm portion 4 was greater when the 
temperature of the air at the nearby weather station was higher (warmer days) 
(Figure 2.7). The strength of the relationship between transpiration reduction and the 
VPD of the air was higher for the pivot arm portions 4 and 5 (Figure 2.6). These 
results suggests that physiological changes due to sprinkler irrigation in the areas 
furthest from the centre of the pivot were more affected by the general climatic 
conditions outside the plot. Likewise, the results of Figures 2.3A, 2.4A, 2.6 and 2.7 
indicate that the microclimatic and physiological changes are more relevant under 
high evaporative demand conditions as those changes are the result of the 
evaporation of a portion of the applied water during the irrigation. 
The existence of microclimatic and physiological changes before the plants receive 
the irrigation water had not been previously reported in detail for sprinkler irrigation 
systems and it was likely due to the effect of the changes occurring in the nearby 
areas as the pivot arm was moving towards the monitored transect. This specific 
behaviour of the pivot irrigation systems before the irrigation events deserves to be 
modelled by sprinkler irrigation efficiency models that also include the microclimatic 
and physiological changes due to the irrigation (Zhao et al., 2012). Thus, the results 
reported here can be helpful for the improvement and application of those models 
under different conditions and scenarios. 
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Figure 2.6. Relationship between the maize transpiration reduction for the phase 
during at the 7 transpiration-measured irrigation events at the different pivot arm 
portions (PAP), and the vapor pressure deficit (VPD) of the air measured at a 
nearby ‘grass station’. 
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Figure 2.7. Relationship between the maize canopy temperature reduction for the 
phase during at the 7 transpiration-measured irrigation events at the different pivot 
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The relative decrease of the canopy temperature due to irrigation was somewhat 
higher than that of the air temperature, while the relative decrease of the transpiration 
due to irrigation was higher than that of the VPD of the air. Also, the physiological 
changes for the phases before and after lasted, in general, longer than the 
microclimatic changes (Tables 2.4, 2.5, 2.7 and 2.8). There was a slight tendency for 
this duration being longer for the pivot arm portions 4 and 5 with respect to pivot arm 
portion 2. In general terms, the decreases in canopy temperature and transpiration 
rates for the phase during observed in this work were less than those reported for 
solid-set sprinkler irrigation systems (Cavero et al., 2009) and lateral-move sprinkler 
irrigation systems (Tolk et al., 1995) irrigating also a maize crop. Cavero et al. (2009) 
argued that higher application rates of irrigation water increase the cooling effect on 
plants and thus enhance the canopy temperature decreases at the moist treatment. 
In this study, application rates for the pivot arm portion 4 (21.8 mm h-1) were much 
higher than those of the studies by Tolk et al. (1995) and Cavero et al. (2009), which 
were much closer to the application rates for the pivot arm portion 2 (8.9 mm h-1) in 
this study. The duration of the irrigation event was much shorter in our study than at 
the two abovementioned works. This shorter irrigation duration could explain why the 
cooling effect of the irrigation water on canopy temperature was less than in the 
works of Tolk et al. (1995) and Cavero et al. (2009). Figure 2.2 shows that the 
decrease in canopy temperature progresses as the irrigation is occurring. Thus 
shorter irrigation durations would lead to smaller canopy temperature decreases for 
the moist treatment. In addition to the shorter duration of the irrigation event (phase 
during), the lower decreases in air temperature, VPD of the air and transpiration rates 
(Tables 2.4, 2.5, 2.7 and 2.8) at the moist treatment obtained in this work compared 
with those reported by Tolk et al. (1995) and Cavero et al. (2009) were also probably 
due to the climatic conditions during those events, which in this work were performed 
before solar noon when the evaporative demand and the VPD of the air are, in 
general, less than those for afternoon periods when the irrigations reported by those 
authors were performed. Despite the shorter duration of the transpiration-measured 
irrigation events in this study, the average canopy temperature decrease for pivot 
arm portion 4 was higher than that of pivot arm portion 2 which agrees with the 
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These microclimatic and physiological changes are the consequence of the 
evaporation of irrigation applied water while travelling through the air and the 
evaporation of intercepted water by stem and leaves of the plants. The amount of 
intercepted water depends mainly on the architecture of the crop and in the case of 
maize values of 0.4 to 2.7 mm have been reported (Norman and Campbell 1983; 
Steiner et al., 1983b). Thus, the volume of water evaporated during the irrigation is 
usually higher than that evaporated after the irrigation. Subsequently, the 
microclimatic and physiological changes are usually higher for the phase during than 
those for the phase after. 
The temperature and VPD of the air were measured at 0.5 m above the crop canopy 
while canopy temperature is measured at the crop canopy height and transpiration of 
the plant with the sap flow integrates the transpiration along all the plant height. 
Cavero et al. (2009) found that the microclimatic changes due to sprinkler irrigation 
(decrease of air temperature and VPD) were smaller and lasted for less time after the 
irrigation as the measurement height was higher. Thus, the lower height of 
measurement of physiological changes (canopy temperature and plant transpiration) 
could explain that these changes lasted longer and were greater than the 
microclimatic changes. 
2.4 Conclusions 
• Center pivot sprinkler irrigation significantly reduced air temperature and VPD 
(microclimatic changes) and canopy temperature and maize transpiration rates 
(physiological changes). These changes occurred for some time before (about 
0.6 to 2.1 h), during, and sometime after (about 0.8 to 2.4 h) the irrigation 
events. 
• Physiological changes lasted longer than microclimatic changes, particularly 
after the irrigation events, likely due to the effect of the evaporation of the 
intercepted water and to the higher measurement height of microclimatic 
changes. 
• Center pivot sprinkler irrigation decreased the air temperature by 1.8 to 2.1 °C, 
the air VPD by 0.53 to 0.61 kPa, the canopy temperature by 3.1 to 3.8 °C and 
the transpiration rate by 0.22 to 0.28 mm h-1. These decreases were lower for 
the phases before and after and were greater in drier and warmer days. 
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• The duration of the microclimatic changes decreased as the distance from the 
centre of the pivot increased, but the duration of the physiological changes 
was similar in the different pivot arm portions.  
• Transpiration reduction due to irrigation was higher as closer to the center of 
the pivot and represented between 5 to 7% of the applied water.  
• The decrease in maize canopy temperature could be positive or negative, 
depending on its effect on photosynthesis. The reduction of transpiration must 
be considered positive because it represents a reduction of irrigation 
requirements.  
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Capítulo 3. Role of transpiration reduction during center pivot 
sprinkler irrigation in application efficiency  
3.1 Introduction 
The search for efficiency in irrigation is one of the most important issues in irrigated 
agriculture due to the water scarcity and to the increase in food demand. For field 
crops such as alfalfa (Medicago sativa L.), corn (Zea mays L.) and winter cereals, 
sprinkler irrigation systems are adequate because they allow accurate scheduling of 
irrigation and can attain high potential efficiency with an adequate cost. Two types of 
sprinklers irrigation systems can be installed in the field: static and movable. Within 
the movable systems, the linear move laterals and the center pivots are the most 
important (Tarjuelo, 1999). 
The use of center pivot systems has increased by more than 50% from 1986 to 1996 
in USA (Evans, 2001). This growth continues in many irrigated areas around the 
world due to low investment costs per irrigated hectare, low energy and labour 
requirements, possibility of applying agrochemicals, high degree of automation and 
their adaptability to different field topographies and soil textures (Allen et al., 2000). 
Many factors affect the uniformity and irrigation efficiency of sprinkler systems which 
may decrease the net water application efficiency and therefore the crop yield. Some 
factors are technical, such as the design (spacing and height of sprinklers, nozzle 
number and size) and management of irrigation facilities (working pressure) 
(Tarjuelo, 1999). Environmental conditions, such as high wind speed, increase the 
wind drift and evaporation water losses (WDEL), which are the fraction of water 
droplets emitted by the sprinkler nozzles that do not reach the soil or crop being 
irrigated. There are also interception water losses (IL), which is the fraction of the 
water emitted by the sprinklers that is intercepted by crop leaves and stems and it is 
evaporated before reaching the soil. WDEL and IL can be summed up to get the 
sprinkler evaporation losses (SEL) (Martínez-Cob et al., 2008). 
For solid-set sprinkler irrigation systems, several authors have reported that WDEL 
range between 0 to 20% of water applied, with greater losses during daytime 
irrigation (Yazar, 1984; Kincaid et al., 1996; Dechmi et al., 2003; Playán et al., 2005; 
Martínez-Cob et al., 2008). During some particularly windy irrigation events WDEL as 
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high as 30 to 50 % have been reported (Playán et al., 2005). For center pivot 
systems, Steiner et al. (1983a) reported WDEL of 15% of water applied, while Ortiz 
et al. (2009) reported WDEL values of 3 to 8 % during nighttime irrigations and 8 to 
14 % during daytime irrigations for center pivot systems using rotating or fixed spray 
plate sprinklers. However, IL depends mostly on the water storage capacity of a crop 
canopy which is a function of crop architecture. Gross IL include the stored water in 
the crop canopy during sprinkler irrigation. Thus, Norman and Campbell (1983) and 
Steiner et al. (1983a) reported storage capacity values (gross IL) for corn ranging 
between 0.4 and 2.7 mm. Martínez-Cob et al. (2008) reported net IL of 0.3 mm for 
corn. Net IL was computed as the gross IL minus the transpiration reduction after the 
irrigation event. 
During sprinkler irrigation the vapour pressure deficit (VPD) and temperature of the 
air within the crop canopy decrease due water evaporating from soil and leaf 
surfaces (Robinson, 1970; Steiner et al., 1983b; Tolk et al., 1995; Cavero et al., 
2009). This decrease of VPD during the irrigation reduces crop transpiration and 
evapotranspiration (ET), leading to the conservation of soil water, which would 
otherwise be depleted by the crop (McNaughton, 1981; Steiner et al., 1983a). 
McNaughton (1981) argued that any reduction in crop ET and transpiration from a 
wetted area as compared with a dry area (i.e. an area not being irrigated at the same 
time but kept in the same conditions, including water availability) can be subtracted 
from the gross irrigation water losses, resulting in the net irrigation water losses. In 
other words, the part of SEL replacing crop ET should be regarded as beneficial. This 
leads to the introduction of gross (SELg, i.e. the sum of gross WDEL and IL) and net 
sprinkler evaporation losses (SELn, i.e. the sum of net WDEL and IL). Consideration 
of net evaporation losses instead of gross evaporation losses would result in an 
increase of application efficiency for a given application depth. This should be taken 
into account when calculating crop irrigation requirements. 
Several studies have analyzed the differences in ET rates between wet and dry 
surfaces just after irrigation events, but very few have analyzed them during the 
events themselves. For solid-set sprinkler irrigation, Frost and Schwalen (1960) 
reported an almost complete suppression of ET while Sternberg (1967) and 
Martínez-Cob et al. (2008) reported an average reduction of 33 % for rye-grass and 
corn, respectively. Thompson et al. (1993) used modelling to forecast an 
evapotranspiration decrease of 40% for corn during solid-set irrigation events. For 
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linear move sprinkler irrigation systems, a reduction of ET has also been observed 
(Wiersma, 1970; Kohl and Wright 1974). Tolk et al. (1995) reported a corn 
transpiration reduction of 32%, somewhat smaller than the 58 % reported by 
Martínez-Cob et al. (2008) for solid-set sprinkler irrigation. Thompson et al. (1997) 
modelled and measured transpiration and ET rates during irrigation events using 
linear move sprinkler irrigation systems, and showed a transpiration decrease during 
the irrigation events of about 80 %. To our knowledge, no previous works have 
reported field measurements of the changes in ET and plant transpiration during 
irrigation at the different pivot arm portions of a center pivot system. 
The aim of this work was to analyze the reduction of plant transpiration during 
sprinkler irrigation events of corn (Zea mays L.) with a center pivot and how much it 
would contribute to increase the irrigation application efficiency. The magnitude and 
duration of the reduction of transpiration along different segments of a transect of the 
center pivot system were assessed. 
3.2 Materials and Methods 
This work was performed at the same location and field plot used for the work in 
Chapter 2. Therefore, only the details specific for Chapter 3 are described in this 
section. Only the 7 transpiration-measured irrigation events were used in this work. 
A line of 50 plastic catch cans (AITIIP, Zaragoza, Spain) was placed along the 
transect AC at a spacing of 3 m to collect the irrigation water depth that was used to 
determine the gross wind drift and evaporation losses (WDELg) for pivot arm portions 
2, 4 and 5 (Photo 3.1). The catch cans were conical in its lower part (200 mm length) 
and cylindrical in its upper part (100 mm length); the diameter of the upper part was 
160 mm. The catch cans were marked in mm for direct readout up to 45 mm. The 
catch cans were placed just above the crop canopy, and they were moved up as the 
crop grew along the season. The maximum catch can height was about 2.5 m. Just 
after the pivot has moved beyond the transect AC, the water depth at each can was 
read in each pivot arm portion. The water collected on catch cans corresponding to 
each pivot arm portion was averaged to get the mean collected water depth ccI  (mm). 
Then gWDEL  expressed in mm, was determined as: 
ccsg IIWDEL −=  (3.1) 
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−=  (3.2) 
During each monitored irrigation event, the differences in corn transpiration rates 
between the moist and the dry treatments were computed for pivot arm portions, 2, 4 
and 5. These differences allowed establishing different periods before, during and 
after each irrigation event for each pivot arm portion: 1) B1, before the irrigation 
event, when the difference between the individual 10-min values of both treatments 
was below the resolution of the sap gauges, 0.1 mm h-1; 2) B2, before the irrigation 
event, when the difference between the individual 10-min values of both treatments 
was greater than 0.1 mm h-1; 3) Du, during the irrigation event; 4) A1, after the 
irrigation event, when the difference between the individual 10-min values of both 
treatments was greater than 0.2 mm h-1; 5) A2, after the irrigation event, when the 
difference between the individual 10-min values of both treatments was between 0.1 
and 0.2 mm h-1; and 6) A3, after the irrigation event, when the difference between the 
individual 10-min values of both treatments was less than 0.1 mm h-1. In some cases, 
the differences between the individual 10-min values of both treatments did not meet 
the criteria to establish the phases B2 and A1 for a particular pivot arm and irrigation 
event. The computed values of air VPD were also grouped for analysis according to 
the abovementioned phases for analysis of corn transpiration. For each phase and 
pivot arm portion, the corn transpiration rate and air VPD of the moist and dry 
treatments were compared using a paired t test and a level of significance of P= 0.05. 
3.2.1 Sprinkler Evaporation Losses 
Following Martínez-Cob et al. (2008), the net sprinkler evaporation losses (SELn) for 
the center pivot system of this study were estimated as: 
nnn ILWDELSEL +=  (3.3) 
where WDELn and ILn are the net wind drift and evaporation losses and the net 
interception losses, respectively. The WDELn of the center pivot of this study were 
estimated as the difference between WDELg and the reduction of evapotranspiration 
due to the irrigation, i.e. that occurring before (period B2) and during (phase Du) the 
sprinkler irrigation events (McNaughton, 1981; Martínez-Cob et al., 2008): 
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( )diredgn ETWDELWDEL −=  (3.4) 
where (ETred)di = (ETDT – ETMT)di is the reduction of evapotranspiration due to 
irrigation (di); ETDT and ETMT are the evapotranspiration rates in the treatments dry 
and moist, respectively, during the irrigation events. 
In this work, transpiration rates were measured instead of evapotranspiration rates. 
Martínez-Cob et al. (2008) showed that the average reductions of evapotranspiration 
(measured with a weighing lysimeter) and transpiration (measured with sap flow 
gauges) during solid-set sprinkler irrigation of corn were 32% and 58%, respectively. 
Because the crop and climatic conditions of this work were similar to those of 
Martínez-Cob et al. (2008), it was assumed, as a first rough approximation, that the 
ratio transpiration to evapotranspiration reduction (0.559) reported by those authors 
could be used to estimate the reduction of evapotranspiration due to irrigation 
(phases B2 and Du) in this work. Further studies should be performed to determine a 
ratio of transpiration to evapotranspiration reduction more appropriate for center 
pivots. Thus,  
( ) ( )direddired T559.0ET =  (3.5) 
where (Tred)di = (TDT – TMT)b2 + (TDT – TMT)du, being (TDT – TMT)b2 the reduction of 
transpiration before irrigation (phase B2) and (TDT – TMT)du the reduction of 
transpiration during (phase Du) the center pivot irrigation events; TDT and TMT are the 
transpiration rates in the treatments dry and moist, respectively, before and during 
the irrigation events. 
The ILn of the center pivot system of this study were estimated as: 
( ) ( )aiDTaiMTn ETETIL −=  (3.6) 
where (ETMT)ai – (ETDT)ai is the increase of evapotranspiration in the moist treatment 
after (ai) the sprinkler irrigation events; (ETMT)ai and (ETDT)ai are the 
evapotranspiration rates in the treatments moist and dry, respectively, after the 
irrigation events. This increase of evapotranspiration after the irrigation is the net 
balance between the increase of evaporation of intercepted water (gross interception 
losses, ILg) and the reduction of transpiration that occurred sometime after the 
irrigation (McNaughton, 1981; Tolk et al., 1995; Martínez-Cob et al., 2008). Martínez-
Cob et al. (2008) reported that (ETMT)ai was about 35 % greater than (ETDT)ai. 
Because ILg depend mostly on the water storage capacity of a crop (Norman and 
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Campbell, 1983; Steiner et al., 1983a) and the climatic and cropping conditions in 
this work were similar to those of Martínez-Cob et al. (2008), it was assumed that 
(ETMT)ai was roughly 35 % greater than the estimated (ETDT)ai obtained from the data 
recorded in the meteorological station at the spot D. Again further research should 
determine more appropriate values of these evapotranspiration rates for central 
pivots. Thus, ILn was estimated as: 
( ) ( )aiDTaiDTn ETET35.1IL −=  (3.7) 
The evapotranspiration rates at the spot D after the irrigation event [(ETDT)ai] were 
estimated using the Penman-Monteith equation applied for direct estimation of crop 
evapotranspiration (Allen et al., 1996): 

















λ  (3.8) 
where: λ, latent heat of vaporization (MJ Kg-1); Rn, net radiation (W m-2), measured at 
spot D; G, soil heat flux (W m-2); Δ, slope of the saturation vapour pressure curve 
versus the temperature (kPa ºC-1); ρa, air density (Kg m-3); cp, specific heat of the air 
(J Kg-1 ºC-1); VPD, vapour pressure deficit (kPa); ra, aerodynamic resistance of maize 
(s m-1); rc, bulk stomatal (canopy) resistance of maize (s m-1); γ, psychrometric 
constant (kPa ºC-1).  
The variables λ, Δ, ρa, γ, and cp were estimated from the measured air temperature 
and relative humidity at spot D following standard procedures described by Allen et 
al. (1998). G was estimated from net radiation following Allen et al. (1996): 
n
LAI5.0 Re4.0G −=  (3.9) 
where LAI is the daily leaf area index estimated from measured crop height as 
suggested by Allen et al. (1996). 
The aerodynamic resistance ra (s m-1) to vapour transfer was estimated following 





























=  (3.10) 
Capítulo 3 
- 49 - 
where: uzu is the wind speed (m s-1) measured at a height zu at spot D; k is the von 
Karman’s constant (0.41); zu and zh are the measurement heights (m) above ground 
of wind speed, and air temperature and relative humidity, respectively; and d, z0m, 
and z0h (all three in m) are the zero-plane displacement and the roughness lengths 
for momentum and heat transfer, respectively, estimated (daily) as a function of crop 
height (hc) and LAI following Farahani and Bausch (1995) and Kjelgaard et al. (1994): 
( )[ ]4/1dc LAIc1lnh1.1d +=  (3.11) 
( )ccom h/d1h3.0z −=  (3.12) 
and,  
m0h0 z2.0z =  (3.13) 
where cd is the mean drag coefficient for individual leaves (0.07). Eq. (3.11) was 
chosen as the product (cd LAI) was above 0.2 (Farahani and Bausch 1995) due to 
the LAI values around 4.0 estimated during the monitoring period as crop height was 
about 2.5 m. 




















++=  (3.14) 
where: Rs is the incoming solar radiation (W m-2); c0 is the minimum stomatal 
conductance (0.0005 m s-1); c1 and c2 are constants defined as c1 = 3.2E-5 m s-1 and 
c2 = 5.7E-5 m s-1; and C is the light extinction coefficient, assumed to be 0.50 as 
suggested by Cavero et al. (1999, 2000) for similar crop and climatic conditions to 
those in this work. Rs was that measured at the nearby ’grass station’. 
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Photo 3.1. Line of 50 plastic catch cans placed along the transect AC (left) and 
equipment to measure the sprinkler irrigation pressure (right). 
 
3.3 Results and Discussion 
Chapter 2 (Tables 2.2 and 2.3) present a discussion on the general characteristics of 
the monitored irrigation events and the climatic conditions occurring along them. 
The average irrigation pressure in these three pivot arm portions along the monitored 
irrigation events was 197 kPa (coefficient of variation, CV, of 3%). This low CV value 
indicated a quite constant irrigation pressure during the irrigation events. On average, 
the irrigation pressure in the pivot arm portion 2 was slightly greater (210 kPa) than 
that in the pivot arm portions 4 (190 kPa) and 5 (192 kPa) (Table 2.2). The average 
applied water in the three monitored pivot arm portion was quite similar: 14.4 (pivot 
arm portion 2), 13.3 (pivot arm portion 4), and 14.1 mm (pivot arm portion 5) (Table 
2.2). 
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The time evolution of the 10-min transpiration rates and air VPD recorded at the two 
treatments since 2 h before until 6 h after the irrigation event of 31 July is shown in 
Figure 3.1. These results are representative of those observed in the rest of irrigation 
events. Before the irrigation, phase B1, the transpiration rates and air VPD for both 
treatments were similar. As the pivot arm was arriving near the transect AC, the 
transpiration rates and air VPD for the moist treatment decreased compared to those 
for the dry treatment (phase B2). This decrease was greater during the irrigation 
event (phase Du) and remained similar for some time after the irrigation (phase A1). 
After that, the transpiration rates and air VPD for both treatments became closer and 
finally were similar during the phase A3.  
In general terms, the time evolution of the transpiration rates and air VPD observed 
at the two treatments during (phase Du) and after (phases A1 and A2) the irrigation 
events was similar to that described in previous works of sprinkler irrigation 
(Thompson et al., 1993; Tolk et al., 1995; Liu and Kang 2006a; Martínez-Cob et al., 
2008; Cavero et al., 2009). However, in this current work, the decrease of 
transpiration rates and air VPD for the moist treatment was observed just before 
(phase B2) the beginning of most monitored irrigation events. For all irrigation events, 
the values of air VPD recorded for the two treatments before irrigation (phase B1) 
were similar and the average difference did not exceed 0.08 kPa (Table 3.1). This 
difference although significant was within the expected accuracy of the air VPD 















































































B1 B2 Du A1 A2 A3
B1 B2 Du A1 A2 A3
B1 B2 Du A1 A2 A3
B1 B2 Du A1 A2 A3
B1 B2 Du A1 A2 A3
B1 B2 Du A1 A2 A3
 
Figure 3.1. 10-min average corn transpiration rates and vapour pressure deficit of air 
(VPD) at pivot arm portions 2, 4 and 5, from 2 h before until 6 h after the irrigation 
event monitored on 31 July. MT, moist treatment. DT, dry treatment. The vertical 
continuous lines indicate the start and the end of the irrigation over the transect AC 
(water droplets falling over the plants). The vertical dashed lines indicate the periods 
during which transpiration rates were different between the two treatments. Du, 
irrigation of the transect AC; B1 and B2, before the irrigation; A1 to A3, after the 
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Table 3.1. Average maize transpiration rate (T) and vapour pressure deficit of the air 
(VPD) of moist (MT) and dry (DT) treatments and the corresponding differences 
between them before (phases B1 and B2), during (Du) and after (phases A1, A2 and 
A3) the monitored irrigation events in the different pivot arm portion (PAP). The 
duration of these phases is also listed. 
Transpiration VPD Duration 




   --------- mm h-1 ------- -------------- kPa ------------ h % 
2 7 0.38 0.39 -0.01 ns 0.89 0.96 -0.08 s 1.0 53 
4 7 0.38 0.39 -0.01 ns 0.94 1.00 -0.06 s 0.7 60 B1 
5 7 0.46 0.48 -0.02 ns 0.92 0.98 -0.06 s 1.7 59 
           
2 3 0.48 0.63 -0.15 s 1.07 1.31 -0.24 s 1.0 76 
4 7 0.41 0.60 -0.18 s 1.02 1.20 -0.18 s 1.0 66 B2 
5 3 0.49 0.64 -0.16 s 1.15 1.38 -0.23 s 1.2 75 
           
2 7 0.48 0.75 -0.27 s 0.87 1.40 -0.53 s 1.6 3 
4 7 0.51 0.73 -0.22 s 0.80 1.33 -0.53 s 0.6 11 Du 
5 7 0.49 0.77 -0.27 s 0.72 1.33 -0.61 s 0.5 10 
           
2 7 0.54 0.86 -0.33 s 1.38 1.74 -0.36 s 0.8 65 
4 6 0.53 0.87 -0.34 s 1.23 1.62 -0.39 s 1.3 37 A1 
5 5 0.63 0.89 -0.26 s 1.23 1.68 -0.45 s 1.0 56 
           
2 7 0.71 0.85 -0.14 s 2.04 2.23 -0.19 s 1.0 88 
4 7 0.65 0.79 -0.14 s 2.00 2.20 -0.20 s 1.3 52 A2 
5 7 0.69 0.82 -0.13 s 1.86 2.03 -0.17 s 1.4 53 
           
2 7 0.72 0.74 -0.02 s 2.25 2.35 -0.10 s 2.6 22 
4 7 0.68 0.70 -0.02 s 2.17 2.26 -0.10 s 3.6 17 A3 
5 7 0.67 0.70 -0.02 s 2.17 2.25 -0.08 s 4.1 19 
a N, number of irrigation events. 
b CV, coefficient of variation. 
For each variable, phase and pivot arm portion, differences between the moist and 
dry treatments were no significant (ns) or significant (s) according to a paired t test and 
a level of significance of P = 0.05. 
 
The average differences between treatments gradually increased just before and 
during the irrigation: 0.18 to 0.24 kPa (15.0 to 18.3%) during the phase B2, and 0.53 
to 0.61 kPa (37.8 to 45.8%) during the phase Du (Table 3.1). After the irrigation 
events, the average differences between treatments become gradually smaller: 0.36 
to 0.45 kPa (20.7 to 26.8 %) during the phase A1, 0.17 to 0.20 kPa (8.4 to 9.1 %) 
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during the phase A2, and, finally, 0.08 to 0.10 kPa during the phase A3 when 
practically the air VPD became similar in both treatments (Table 3.1). 
Table 3.1 shows that the transpiration rates for both treatments were not significantly 
different (P < 0.05) before the irrigation during phase B1. However, both treatments 
were significantly different before the irrigation during phase B2. On average, the 
transpiration rate decrease for the moist treatment was 0.16 mm h-1 (Table 3.1) in 
each pivot arm portion.  
Monteith and Unsworth (2008) indicate that all the recorded values in a particular 
weather station, such as air temperature, relative humidity, and wind are influenced 
by vegetation type and characteristics that are at a distance of about 100 times the 
average crop height, mainly in the direction where the wind comes. As the pivot arm 
is continuously moving over the field, the areas nearby the transect AC have been 
irrigated already when the pivot arm arrives to that transect. Thus, the transpiration 
and VPD decreases observed before the irrigation water droplets moistened the 
transect AC were likely due to the effect of the microclimatic changes in these nearby 
areas. The influence of the predominant wind direction on the length of phase B2 
was difficult to analyze because the incidence angle of wind on the pivot arm was 
continuously changing due to the rotation movement of the pivot. Nevertheless, the 
duration of phase B2 was somewhat longer for the monitored irrigation events 
showing east (E) predominant wind direction during that phase compared to irrigation 
events showing west (W) or southwest (SW) predominant wind direction (Table 3.2). 
This difference would have been even larger if the irrigation event on 13 August (the 
windiest by large) would have not been taken into account. According to Figure 2.1, 
east winds blow over recently irrigated field areas towards the pivot arm and the 
transect while west or southwest winds blow against the pivot arm rotation over field 
areas that have been irrigated some time before and therefore should be less humid. 
Capítulo 3 
- 55 - 
Table 3.2. Average reduction of vapour pressure deficit of the air (∆VPD) and maize 
transpiration (∆T) and average duration of this reduction for the different monitored 
irrigation events grouped according to the predominant wind direction (WD) before 
(phase B2) and after (phase A1) the irrigation events. Average wind speed for those 
groups is also listed. 
    Observed decreases 
Phase WDa Date Wind Speed ∆VPD ∆T Duration 


















1.6 0.41 0.35 1.2 




13/8 2.4 0.29 0.26 1.0 
ª Recorded at the nearby ‘grass station’: E, east (67.5 to 112.5°); S, south (157.5 to 
202.5°); southwest, SW (202.5 to 247.5°); west, W (247.5 to 292.5°). 
The transpiration decrease in the moist treatment was greater during (phase Du) the 
irrigation of transect AC than that observed in the phase B2 (Table 3.1). On average, 
this decrease was about 0.22-0.27 mm h-1 and quite similar for the three monitored 
pivot arm portions. Accounting for the duration of the irrigation of transect AC, the 
average total transpiration for the moist treatment was 0.78 mm (pivot arm portion 2), 
0.34 mm (pivot arm portion 4), and 0.26 mm (pivot arm portion 5). This was about 
36% (pivot arm portion 2) and 30% (pivot arm portions 4, 5) less than the average 
total transpiration for the dry treatment of 1.23, 0.49, and 0.38 mm h-1 for pivot arm 
portions 2, 4 and 5, respectively. Thus, the transpiration reduction was slightly 
greater for the pivot arm portion closer to center of the pivot as irrigation in this spot 
lasted longer. Tolk et al. (1995), using a lateral move sprinkler irrigation system, 
reported a transpiration reduction similar to the observed in this work, while the 
transpiration reduction during irrigation in solid-set sprinkler systems reported by 
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Martínez-Cob et al. (2008) was greater. These differences likely were due to the 
duration of the irrigation, which was longer in the work of Martínez-Cob et al. (2008). 
The transpiration decrease for the moist treatment just after the irrigation (phase A1) 
was 0.26-0.34 mm h-1, slightly greater than that observed during the irrigation (Table 
3.1). Similar transpiration reductions were observed in all three pivot arm locations. 
Accounting for the duration of this phase, the average total transpiration for the moist 
treatment was 0.45 mm (pivot arm portion 2), 0.69 mm (pivot arm portion 4), and 
0.61 mm (pivot arm portion 5), about 38, 39 and 29% less than the average total 
transpiration for the dry treatment of 0.72, 1.13, and 0.86 mm for pivot arm portions 
2, 4 and 5, respectively. These results are different from those reported in previous 
works (Tolk et al., 1995; Martínez-Cob et al., 2008) that found lower transpiration 
reduction after the irrigation than during the irrigation. The work of Tolk et al. (1995) 
was done with a linear lateral move but irrigation of the field was completed in two 
hours. The work of Martínez-Cob et al. (2008) was done on a solid-set system and 
irrigation lasted for 2 to 3 hours and there were not nearby irrigated areas after the 
irrigation finished. Due to the rotation movement of the center pivot it is clear that the 
pivot arm was irrigating nearby areas during some time after passing for the transect 
AC. Consequently, the microclimatic changes in the nearby areas to the transect AC 
(both sides) were also affecting the transpiration rates in the transect AC. Thus, the 
transpiration reduction in phase A1 was slightly greater than found during the 
irrigation and it lasted longer in the pivot than in solid-set systems (Martínez-Cob et 
al., 2008; Cavero et al., 2009). The corn transpiration rates for the moist treatment in 
phase A2 after the irrigation were about 17% (pivot arm portions 2 and 4) and 16% 
(pivot arm portion 5) significantly lower than those for the dry treatment (Table 3.1) 
but the average reduction was lower (<0.14 mm h-1). Finally, in phase A3 after the 
irrigation, the differences among the treatments, although significant (P < 0.05), were 
only 0.02 mm h-1 on average and thus should be considered negligible (Table 3.1). 
Figure 3.2 shows the average corn transpiration rates versus the air VPD measured 
at each experimental weather station (three at the transect AC, moist treatment, and 
one at spot D, dry treatment) before (B2 phase), during (Du phase) and after (A1 
phase) the center pivot sprinkler irrigation events. There was a moderate to high 
relationship between these two variables at both treatments according to the 
corresponding coefficients of determination (R2). These were greater during the 
irrigation events (phase Du), ranging from 0.75 to 0.82, than before (phase B2) and 
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after (phase A1) the irrigations, ranging from 0.53 to 0.56 except for the pivot arm 
portion 4 during phase B2 (R2=0.69). It is clear that the direct effect of sprinkler 
irrigation is the increase of the air relative humidity and thus the decrease of air VPD 
resulting in a concomitant decrease of corn transpiration rate and this effect is 
greater during the irrigation event. Before and after the irrigation event this effect still 
exists but to a lesser extent. 
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Figure 3.2. Relationship between the average transpiration rates of maize and the 
average VPD of the air measured before (B2 phase), during (Du phase) and after (A1 
phase) the center pivot sprinkler irrigation events for the moist (MT) and dry (DT) 
treatments in the different pivot arm portions (PAP). 
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Martínez-Cob et al. (2008) reported that the transpiration reduction for the moist 
treatment lasted less than 1 h after the irrigation in solid-set sprinkler systems. 
However, the average duration of this reduction in the center pivot studied in this 
work was longer. Moreover, the largest differences among the different pivot arm 
portions were found in the duration of transpiration reduction after the irrigation. 
Thus, the sum of the average duration of phases A1 and A2 (when differences 
among the treatments were above the resolution of the sap flow gauges used) for the 
monitored irrigation events was 1.8 h (pivot arm portion 2), 2.6 h (pivot arm portion 
4), and 2.4 h (pivot arm portion 5) (Table 3.1). This lower duration of transpiration 
reduction after the irrigation in the pivot arm 2 could be related with the lower 
instantaneous irrigation application rate in this part of the pivot.  
In any case, these effects were also affected by the meteorological conditions of 
each irrigation event, such as the average vapour pressure deficit of the air, and the 
wind speed and direction due to the influence of the irrigated nearby areas. The 
variability of these meteorological conditions led to the high variability of the duration 
of the transpiration reduction (high coefficients of variation, Table 3.1). The monitored 
irrigation events showing E predominant wind direction had a longer duration of 
phase A1 than the irrigation event showing S predominant wind direction during that 
phase (Table 3.2). The duration of phase A1 for the irrigation events showing SW 
predominant wind direction was only slightly shorter than that for irrigation events 
showing E predominant wind direction, particularly on 13 August, the windiest by 
large of all studied irrigation events (Table 3.2). The magnitude of the decreases of 
corn transpiration and air VPD was much less affected by the wind direction than by 
the general meteorological conditions expressed by the air VPD at the spot D (Table 
3.2, Figure 3.2). 
Table 3.3 shows the values of SELn calculated for each monitored irrigation event 
using the equations (2.3) to (2.7). The average values of WDELg were 13% (pivot 
arm portion 2), 11% (pivot arm portion 4) and 10% (pivot arm portion 5) of the applied 
water. The coefficients of variation of the water collected at the catch cans ranged 
from 6 to 14 % for most of irrigation events and pivot arm portions suggesting that 
uncertainty of the WDELg measurements was relatively small (Table 2.2). Thus, there 
was a slight decrease of WDELg towards the outer part of the pivot. The highest 
values of WDELg in the different pivot arm portions were recorded on 13 August, the 
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windiest day (Table 2.2): 25 % (pivot arm portion 2), 28 % (pivot arm portion 4), and 
26 % (pivot arm portion 5) of the applied water. The average WDELg measured in 
this work were similar to those reported for daytime sprinkler irrigation in previous 
works in semiarid areas for moving systems (Tolk et al., 1995; Playán et al., 2005; 
Ortiz et al., 2009) but lower than those found in solid-set systems (Dechmi et al., 
2003; Martínez-Cob et al., 2008).  
On average, the estimated reduction of evapotranspiration during the irrigation of the 
transect AC in the 7 monitored irrigation events was 0.33 mm (pivot arm portion 2), 
0.18 mm (pivot arm portion 4), and 0.17 mm (pivot arm portion 5) (Table 3.3). The 
corresponding WDELn estimated from equation (2.4) were: 1.5 mm (pivot arm portion 
2) and 1.3 mm (pivot arm portions 4 and 5), which amounted 11% (pivot arm portion 
2), 10% (pivot arm portion 4), and 9% (pivot arm portion 5) of the applied water 
(Table 3.3). Thus, the evapotranspiration reduction due to irrigation represented an 
18% (pivot arm portion 2) and 12% (pivot arm portions 4 and 5) of WDELg. In terms 
of the applied water, the evapotranspiration reduction due to irrigation amounted to 
2.3 % (pivot arm portion 2) and 1.3 % (pivot arm portions 4 and 5). Considering these 
values and those of Martínez-Cob et al (2008) in solid-set systems, it seems that, 
during sprinkler irrigation, as the WDELg increases the reduction of ET (due to the 
reduction of plant transpiration) increases. 
As discussed previously, ILn is the balance between the evaporation of intercepted 
water and the reduction of the transpiration after the irrigation, i.e. the difference 
between the evapotranspiration rates of the moist and dry treatments. For a solid-set 
sprinkler system, Martínez-Cob et al. (2008) found that this difference between the 
evapotranspiration rates of both treatments was limited to a period of 1 h after the 
irrigation finished. Tolk et al. (1995) also found similar results for a lateral-move 
sprinkler system. As evapotranspiration rates were not measured in this work, it was 
assumed, as a rough approximation, a period of 1 h after the irrigation event in order 
to calculate the ILn. After that hour, it was considered that the observed corn 
transpiration reduction was completely compensated by the evaporation of 
intercepted water such that ILn were nil. Then, equation (2.7) was only applied during 
the first hour after the irrigation event. The ILn estimated from equation (2.7) was on 
average 0.3 mm in all the pivot arm portions monitored (Table 3.3), similar to those 
values reported by Tolk et al. (1995) and Martínez-Cob et al. (2008). 
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Table 3.3. Irrigation applied water (Is), evapotranspiration reduction during the 
irrigation (ETred)di, gross and net wind drift and evaporation losses (WDEL), net 
interception losses (ILn) and net sprinkler evaporation losses (SELn in mm and % of 
Is) in the different irrigation events in the different parts of the center pivot. 
WDEL SELn SELnPivot arm 
portion Date Is (ETred)di Gross Net ILn
 
  
  ------------------------ mm ------------------------- % 
July 24  14.6 0.25 1.5 1.3 0.3 1.6 11 
July 31 14.9 0.58 1.5 1.0 0.3 1.3   9 
August 6 14.8 0.47 2.2 1.8 0.3 2.1 14 
August 13 14.2 0.15 3.5 3.4 0.3 3.7 26 
August 21 13.6 0.31 0.7 0.4 0.3 0.7   5 
August 28 14.5 0.17 2.2 2.1 0.3 2.3 16 
September 10 14.6 0.07 1.2 1.2 0.2 1.4   9 
2 
Mean  14.4 0.33 1.9 1.5 0.3 1.8 13 
July 24  13.6 0.13 1.7 1.6 0.2 1.8 13 
July 31 13.8 0.37 1.4 1.0 0.3 1.4 10 
August 6 13.6 0.20 1.4 1.2 0.3 1.5 11 
August 13 13.1 0.14 3.6 3.5 0.3 3.8 29 
August 21 12.4 0.17 0.5 0.4 0.2 0.6   5 
August 28 13.2 0.14 1.3 1.2 0.2 1.4 11 
September 10 13.7 0.10 0.7 0.6 0.2 0.8   6 
4 
Mean 13.3 0.18 1.5 1.3 0.3 1.6 12 
July 24  14.4 0.12 1.1 1.0 0.2 1.3   9 
July 31 14.5 0.24 1.2 0.9 0.3 1.2   9 
August 6 14.5 0.16 1.6 1.4 0.3 1.7 12 
August 13 13.9 0.07 3.6 3.5 0.3 3.8 27 
August 21 13.0 0.07 0.3 0.3 0.3 0.5 4 
August 28 13.8 0.07 1.2 1.1 0.3 1.4 10 
September 10 14.7 0.04 1.4 1.3 0.2 1.5 11 
5 
Mean 14.1 0.17 1.5 1.3 0.3 1.6 11 
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Assuming the estimated ILn values, the average SELn values were 1.8 mm (pivot arm 
portion 2) and 1.6 mm (pivot arm portions 4 and 5) (Table 3.3). Thus, the SELn would 
represent 13%, 12%, and 11% of the applied water in the pivot arm portion 2, 4 and 
5, respectively (Table 3.3). These SELn values were even slightly greater than the 
observed WDELg values. Estimation of water application efficiency requires 
knowledge of the SELn (McNaughton, 1981; Tolk et al., 1995; Martínez-Cob et al., 
2008). However, the results listed on Table 3.3 suggest that, although corn 
transpiration was reduced during the irrigation with center pivot, the WDELg could be 
a good estimate of SELn. The estimates of SELn listed in Table 3.3 suggest that the 
net sprinkler and evaporation losses in pivots with impact sprinklers are relatively 
small in terms of the applied water and slightly decrease along the pivot arm due to 
the differences in WDELg and the magnitude and duration of the transpiration 
reduction during and after the irrigation events in the different pivot arm portions. Due 
to the rough estimates of some terms in equations (3.5) to (3.7), these results must 
be considered as preliminary and further research is required, mainly for measuring 
the evapotranspiration rather than transpiration rates during and after the irrigation 
events. There is some uncertainty regarding to the calculation of ILn value. In this 
paper, the increase of evapotranspiration in the moist treatment 1 hour after the 
irrigation events reported by Martínez-Cob et al. (2008) has been used to estimate 
the ILn, resulting in a value of about 2 % of the applied water. However, other authors 
reported that ILn for corn can range between 5 and 7 % for application depth between 
15 and 25 mm in lateral-move sprinkler irrigation systems (Tolk et al., 1995). 
There is a need for further research to quantify the magnitude and duration of the 
plants transpiration reduction for center pivot systems using other types of sprinklers, 
for instance, rotating spray plate sprinklers, because the WDEL and the magnitude or 
duration of the possible transpiration reduction could be different because of the way 
the water is applied, closer to the crop canopy and to the ground. 
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3.4 Conclusions 
? During irrigation of corn using a center pivot system with impact sprinklers 
plant transpiration was reduced by 36% for pivot arm portion 2 (close to the 
center) and 30% for pivot arm portions 4 and 5 (far from the center). Some 
transpiration reduction was observed before water droplets began to moisten 
the corn plants. After the pivot arm has passed by the studied area 
transpiration continued to be reduced during 1.8 h (pivot arm portion 2), 2.6 h 
(pivot arm portion 4) and 2.4 h (pivot arm portion 5), and amounted 27 % 
(pivot arm portion 2), 29 % (pivot arm portion 4), and 22 % (pivot arm portion 
5). 
? The measured gross wind drift and evaporation losses (WDELg) were 13, 11 
and 10% of applied water for pivot arm portion 2, 4 and 5, respectively. When 
discounting the evapotranspiration reduction during the irrigation (estimated 
from the measured transpiration reduction), the net wind drift and evaporation 
losses (WDELn) were slightly lower: 11, 10 and 9% of the applied water in the 
pivot arm portions 2, 4 and 5. 
? The net sprinkler evaporation losses (SELn) amounted 13% (pivot arm portion 
2), 12% (pivot arm portion 4), and 11% (pivot arm portion 5) of the applied 
water. These SELn values were similar to the observed WDELg values so in 
center pivots with impact sprinklers the easily measured WDELg is a good 
estimate of total evaporation losses.  
? Further research is required for center pivot systems using other type of water 
emitters. 
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Capítulo 4. The effect of sprinkler irrigation on maize and alfalfa 
photosynthesis 
4.1 Introduction 
During a sprinkler irrigation event, some water is lost due to wind drift and 
evaporation (WDEL) that occurs as water travels from the sprinkler nozzles to the 
crop, and to evaporation that occurs for water intercepted by stems and leaves after 
the irrigation event (Tolk et al., 1995). The water that is evaporated produces 
microclimatic changes: decreases the temperature and vapor pressure deficit (VPD) 
of the air (Robinson, 1970; Thompson et al., 1993; Tolk et al., 1995; Cavero et al., 
2009). These changes are more relevant during daytime (Cavero et al., 2009). 
The microclimatic changes during daytime sprinkler irrigation cause physiological 
changes in the crops which could affect their growth and yield. A relevant 
physiological change during sprinkler irrigation is the reduction in crop transpiration 
(McNaughton, 1981; Tolk et al., 1995; Martínez-Cob et al., 2008), which is 
considered positive because it represents a reduction of WDEL (Martínez-Cob et al., 
2008). Another relevant change during sprinkler irrigation is the decrease in the crop 
canopy temperature (Tolk et al., 1995; Steiner et al., 1983b; Saadia et al., 1996; 
Cavero et al., 2009), which could have a positive effect on crop photosynthesis when 
leaf temperatures are too high (Mahan et al., 1995; Wanjura and Upchurch, 2000); 
for instance, during the afternoon in semiarid climates in July and August. However, if 
leaf temperature decreases below an optimum value, photosynthesis could decrease 
(Mahan et al., 1995). 
Hirasawa and Hsiao (1999) found a decrease in stomatal conductance and 
photosynthesis of maize during the afternoon in a well irrigated maize crop in 
California (high evapotranspiration). This decline in photosynthesis during the 
afternoon of summertime days has been observed in other studies (Huck et al., 1983; 
Puech-Suanzes et al., 1989; Bunce, 1990a and b; Pettigrew et al., 1990). Hirasawa 
and Hsiao (1999) indicated that the decrease in photosynthesis occurred because 
the plants could not transpire at the rate imposed by the atmospheric conditions, 
which caused a decrease in leaf water potential (LWP). Hsiao (1990) proposed that 
sprinkler irrigation could reduce this water stress experienced by the plant due to 
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microclimatic changes during sprinkling. Howell et al. (1971) found that intermittent 
mist irrigation increased the LWP of southern peas (Vigna unguiculata (L.) Walp.) 
during the irrigation and resulted in a higher yield than the non-mist-irrigated 
treatment. Cavero et al. (2009) found that sprinkler irrigation increased the LWP of 
maize from -1.2 and -1.4 MPa to -0.54 MPa. Given that photosynthesis of crops 
increases as LWP increases (Boyer, 1970a and 1970b; Beadle et al., 1973), sprinkler 
irrigation could result in increased photosynthesis. 
In a growth chamber study Hanba et al. (2004) found that moistening the leaves of a 
wettable species (bean: Phaseolus vulgaris L.) decreased photosynthesis while 
moistening the leaves of a non-wettable species (pea: Pisum sativum L.) increased 
photosynthesis. This different behavior is related to the negative effect on 
photosynthesis (lower CO2 uptake) of the water layer that covers the wettable leaves 
and acts as a barrier to gas exchange; this is opposite to the positive effect for 
photosynthesis of the lower VPD of the air in non-wettable leaves (Brewer and Smith, 
1995 and 1997; Brewer et al., 1991; Smith and McClean, 1989). The relationship 
between leaf wettability and photosynthesis has been studied mainly in natural 
ecosystems and non agricultural species (Brewer and Smith, 1995 and 1997; Smith 
and McClean, 1989). 
Liu and Kang (2006a) reported the work of Yang et al. (2000) where increases in 
wheat photosynthesis rate were observed in sprinkler irrigated areas. Maize and 
alfalfa are among the main sprinkler irrigated field crops worldwide but not 
information is available about the effect of sprinkler irrigation during daytime on the 
photosynthesis of these crops. The objective of this work was to study how 
photosynthesis of maize and alfalfa are affected by sprinkler irrigation in a solid-set 
system during daytime irrigation events. 
4.2 Materials and Methods 
4.2.1 Experimental Site 
Field experiments were conducted at Zaragoza, Spain (41º43´ N, 0º48´W, 225 m 
altitude). Maize was grown in a 2.34 ha plot during 2009 and 2010 (Experiment 1) 
and alfalfa was grown in a 2.0 ha plot during 2009, 2010 and 2011 (Experiment 2). 
The distance between the two plots was about 1 km. Both of them were located in 
the middle of an irrigated area of 8000 ha where the main crops are maize, alfalfa 
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and wheat. The minimum distance of the experimental plots to the border of the 
irrigated area was 2.5 km. The soil was clay loam in Experiment 1 and sandy loam in 
Experiment 2. Both sites were classified as Typic Xerofluvent (Table 4.1). The 
climate in the area is Mediterranean semiarid with long-term annual daily mean air 
temperature of 14.1ºC, long-term yearly average precipitation of 298 mm, and yearly 
long-term annual reference evapotranspiration (ETo) of 1243 mm. 
 
Table 4.1. Soil characteristics of the experimental fields. 
Depth pH C N CaCO3 Sand Silt Clay FC† WP‡ 
m  ----------------------- %-----------------------  ---- m3 m-3 ----
Experiment 1          
 0.0-0.3 8.4 0.86 0.110 30.9 26.5 45.4 28.1 0.351 0.197
 0.3-0.6 8.4 0.72 0.102 31.6 24.0 46.9 29.1 0.351 0.217
 0.6-0.9 8.4 0.44 0.088 30.7 17.4 50.0 32.6 0.344 0.196
 0.9-1.2 8.6 0.38 0.075 30.3 19.1 50.3 30.6 0.329 0.171
Experiment 2          
 0.0-0.3 8.1 0.82 0.070 36.0 51.0 35.5 13.4 0.269 0.096
 0.3-0.6 8.2 0.52 0.045 39.4 54.4 33.8 11.8 0.250 0.083
 0.6-0.9 8.3 0.38 0.036 38.2 56.4 32.8 10.8 0.243 0.071
 0.9-1.2 8.4 0.30 0.028 38.8 55.8 34.4 9.7 0.243 0.065
          
† FC, field capacity (-0.033 MPa). 
‡ WP, wilting point (-1.5 MPa). 
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4.2.2 Experimental Layout 
A solid set sprinkler irrigation system was installed in both experimental fields 
(Figures 4.1 and 4.2). The sprinkler spacing was square, 18 m x 18 m, in Experiment 
1 and 15 m x 15 m in Experiment 2. The impact sprinkler and nozzles were 
manufactured in brass (RC-130, Riegos Costa, Lérida, Spain). The sprinkler has a 
vertical throw angle of 25º, the nozzle diameters were 4.4 mm (main) and 2.4 mm 
(auxiliary), and the nozzle height was 2.5 m (Experiment 1) and 2.2 m (Experiment 2) 
above the soil surface. The nozzle operating pressure was kept around 0.3 MPa with 
a hydraulic pressure control valve. Sprinkler application rates were 5 mm h-1 
















































Figure 4.1. General experimental layout of Experiment 1. Twelve irrigation sectors (1 
to 12) irrigated independently by four main sprinklers each. The irrigation sectors 
with even numbers were irrigated during daytime in 2009 and during nighttime in 
2010. The irrigation sectors with odd numbers were irrigated during nighttime in 
2009 and during daytime in 2010. IE, irrigation sectors where irrigation was 
characterized. (SIGPAC, 2011) 
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The field of Experiment 1 had twelve irrigation sectors (main) irrigated by four 
sprinklers each (Figure 4.1). The borders of the field were irrigated independently of 
the main sectors. The field of Experiment 2 was divided in two irrigation sectors 1.0 
ha each (Figure 4.2). The irrigation volume was measured with an electromagnetic 
flow meter (Promag 50, Endress+Hauser, Reinach, Switzerland) which has a 

















Figure 4.2. General experimental layout of Experiment 2. Two irrigation sectors (plot 
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Maize cv. Pioneer PR34N43 was planted on April 2009 and 2010 (Experiment 1), in 
rows 0.75 m apart at a planting density of 87,000 seeds ha-1. Fertilization consisted 
of 50 kg ha-1 N, 100 kg ha-1 P2O5 and 100 kg ha-1 K2O applied preplant, and 200 kg 
ha-1 N applied with the irrigation water (splitted between V6 and V12). Alfalfa cv. 
Aragon was planted at 35 kg ha-1 on March 2008 (Experiment 2). Fertilization 
consisted of 120 kg ha-1 P2O5 and 150 kg ha-1 K2O applied each year on March. 
Weeds and pest control were conducted according to best management practices of 
the area. 
In order to record the mean meteorological conditions during the irrigation events 
where the net photosynthesis was measured, we used an automated weather station 
(thereafter the ‘nearby grass station’) located at the experimental farm, at 1 Km from 
Experiment 1 and 50 m from Experiment 2. This ‘nearby grass station’ belongs to the 
network of weather stations of Spanish Irrigation Advisory System (SIAR) (MARM, 
2011). The ‘nearby grass station’ is located over grass following the reference 
conditions defined by Allen et al. (1998). 
Crop water requirements were computed following the FAO approach (Allen et al., 
1998). Reference ETo was computed with the FAO Penman-Monteith method from 
meteorological data obtained from ‘nearby grass station’. Crop coefficients (Kc) were 
calculated as a function of thermal time in the case of maize (Martínez-Cob, 2008) or 
from tabulated values (Allen et al., 1998), locally adjusted by García-Vera and 
Martínez-Cob (2004), in the case of alfalfa. Daily maize and alfalfa 
evapotranspiration (ETc) was calculated from the corresponding daily values of ETo 
and Kc. Next, the crop irrigation requirements (CIR) were calculated weekly as the 
difference between ETc and the effective precipitation, which was estimated as 75% 
of precipitation (Dastane, 1978). The irrigation amount applied to the crop was equal 
to the CIR plus the measured water losses. In order to evaluate the water losses of 
the irrigation events, a grid of 25 catch cans separated at 3.6 m (Experiment 1) or 3.0 
m (Experiment 2) was installed within the square area delimited by four sprinklers in 
two irrigation sectors (one daytime irrigated and the other nighttime irrigated) of 
Experiment 1 and in the irrigation sectors A and B of Experiment 2. 
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The catch cans were made of plastic, had a diameter of 0.18 m and were located just 
above the crop canopy. After each irrigation event, the water amount collected in 








where: Ifm, applied irrigation amount calculated from irrigation water measured with 
the flow meter; Icc, mean irrigation amount measured at the 25 catch cans. 
In Experiment 1, maize was irrigated at nighttime until the crop was well established 
(V6 to V8 growth stage). Thereafter, half of the irrigation sectors were irrigated at 
daytime and the other half at nighttime. Thus, at each daytime irrigation event, 
measurements made in one irrigation sector being irrigated could be compared with 
those made in other nightime irrigation sector, which was not irrigated at that time. 
The irrigation sectors irrigated during daytime in 2009 were irrigated during nighttime 
in 2010 (Figure 4.1). Daytime irrigation generally started at 1000 GMT while nighttime 
irrigation started at 2200 GMT of the previous day. The weekly irrigation amount was 
generally applied in two irrigation events that lasted 4 to 6 hours. The area 
surrounded by the four sprinklers of each irrigation sector was considered for the 
measurements (Figure 4.1). The area outside was not considered because it 
received water from two different irrigation sectors.  
In Experiment 2, alfalfa was irrigated once or twice per week at each irrigation sector 
A and B (Figure 4.2). The duration of the irrigation events was generally limited to 3 
h. The applied irrigation water depth was the same at each irrigation sector, but 
irrigations were not simultaneous. Generally, at the beginning and end of the week 
the irrigation sector A was irrigated during daytime periods and the irrigation sector B 
was irrigated during nighttime the following day. At the middle of the week, the 
irrigation sector A was irrigated during nighttime and the irrigation sector B during 
daytime the same day. Thus, at each daytime irrigation event, measurements made 
in the irrigation sector being irrigated could be compared with those made in the 
other nighttime irrigation sector, which was not irrigated at that time. Daytime 
irrigations started generally at 1000 GMT, while nighttime irrigations started at 200 
GMT. 
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4.2.3 Microclimatic Changes and Canopy Temperature 
In Experiment 1, an automatic weather station was installed in the center of one 
daytime irrigated sector and a second station in one nighttime irrigated sector (Figure 
4.1, Photo 4.1). In Experiment 2, an automatic weather station was installed in the 
center of each of the two irrigation sectors (Figure 4.2). These four weather stations 
were used to continuously record the air temperature and VPD of the air during the 
crop season so comparisons could be made between the sector that was irrigated 
and the sector that was not irrigated in each of the experiments during the specific 
irrigation events. One temperature and relative humidity probe (HMP45C, Vaisala, 
Helsinki, Finland) was installed at each weather station at 1.0 m above the crop 
canopy of maize and at 2.0 m above the soil surface of the alfalfa experiment. Each 
probe was installed inside a shield URS1 (Campbell Scientific, Logan, USA) which 
protected it from irrigation water and solar radiation. The accuracy of the probes was 
±0.3 ºC for temperature and ±3 % for relative humidity. The air temperature and 
relative humidity were measured every 10 s and the 5-min mean values were 
computed and recorded in a datalogger (CR10X, Campbell Scientific Inc, Logan, 
UT). The VPD was calculated from the air temperature and relative humidity data 
(Allen et al., 1998). 
An infrared thermometer (Apogee Instruments Inc., Roseville, CA, USA) was 
installed in each of the automatic weather stations to measure the crop canopy 
temperature. The infrared thermometer was located at 1.0 m above the crop canopy 
with an angle of 45 º and was oriented towards the north. The model IRR-P, with an 
accuracy of ± 0.1 ºC, was used in Experiment 1, and the model IRTS-P, with an 
accuracy of ± 0.3 ºC, was used in Experiment 2. Canopy temperature measurements 
were taken at 10 s intervals and average values every 5 min were recorded in the 
dataloggers. 
4.2.4 Net photosynthesis 
At each measurement day net photosynthesis was measured simultaneously in one 
sector being irrigated and another one not irrigated at the same time. Data was 
collected since one hour before the irrigation started until 2 hours after the irrigation 
finished, so data was collected during 6 to 9 hours. For this task all the equipment 
(chamber, pump, gas analyzer, flowmeter, thermocouples) was replicated. 
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Two automated transient-state closed-system canopy chamber for CO2 exchange 
determination were used. The chamber (Tecno El, Formello, Italy) is similar to that 
described by Steduto et al. (2002). It has a main module that is a rectangular box 
with five transparent polycarbonate walls (1.5 mm thick), held together by a narrow 
aluminum angular frame. The box is open in the bottom, has a ground surface area 
of 0.75 m2 (1.0 m x 0.75 m) and the height is 0.5 m. The top wall is usually open but 
can be moved to close the box in order to measure the CO2 exchange (Photo 4.2). 
There are other modules with the same ground surface area but with a height of 1.0 
m and open in the base and in the top. These modules are used for the maize crop 
and thus the canopy chamber at the maximum height of maize is composed by two 
modules of 1.0 m height and on top the main module of 0.5 m height with the mobile 
top wall (Photo 4.3). In the case of the alfalfa crop only the main module of 0.5 m 
height was used. In the case of maize, the chamber was located centered in a plant 
row, so it covered six plants in a 1.0 m length portion of the plant row. 
A miniature diaphragm pump (model 15D1150, GAST, Benton Harbor, MI, USA) was 
used to continuously extract the air from inside of the chamber (from two positions in 
maize: 1.5 m and 2.3 m above the soil surface; from one position in alfalfa (Photo 
4.4): 0.3 m above the soil surface) and to conduct it to an infrared gas analyzer 
(IRGA, model LI-7000, Li-Cor Inc., Lincoln, NE, USA). A flowmeter (Dwyer, model 
VFB-66-SSV-BFP, Michigan City, IN, USA) was used to get a constant flow of 5 L 
min-1 through the IRGA system. After the air has passed through the IRGA it was 
recirculated to the chamber. The IRGA was set to measure the CO2 concentration of 
the air every 0.5 s. 
The chamber was always with the top-cover open but at a 15 min interval it was 
closed during 50 s. During the time that the chamber was closed four fans were 
stirring the air in each chamber module. Two thermocouples (Campbell Sci., TCBR-
3, Shepshed, UK) were installed to measure the air temperature at a 0.5 s interval at 
each chamber at half of its height, one was inside the chamber while the other was 
close but outside of the chamber (Photo 4.5). 
The net photosynthesis was calculated as the CO2 flux during the period that the top-
cover was closed and was determined with the concentration regression method 
(Reicosky et al., 1990). We considered a lag time of 10 s and a calculation window of 
20 s (40 values at a 0.5 s interval). 
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The photosynthetically active radiation (PAR) incoming above the crop canopy was 
measured at an interval of 60 s (Delta-T, model BF3, Wynster, UK) (Photo 4.6). 
Net photosynthesis of maize was measured on five days on 2009 and seven days on 
2010. Measurements were done after maize tasseling except in the two dates of 
June 2010. Net photosynthesis of alfalfa was measured on four days on 2009, five 
days on 2010, and twelve days on 2011. 
4.2.5 Leaf Wettability 
Leaf wettability was determined by measuring the contact angle of distilled water 
drops over the adaxial and abaxial maize and alfalfa leaf surfaces. The contact angle 
between water and the leaf was determined with a Drop Shape Analysis System 
(DSA100, Krüss, Hamburg, Germany) (Neinhuis and Barthlott, 1997). On 9 August 
2010 four maize leaves (ear leaf) were taken from plants of the irrigated and not 
irrigated sectors at different times (before the irrigation started, during the irrigation at 
2, 3 and 4 hours after the irrigation started, and 1 and 3 hours after the irrigation 
finished). The leaf contact angle was measured in 5 portions of each leaf. On 12 July 
2010 eight plant samples were taken in the irrigated and not irrigated sectors of 
alfalfa just after irrigation. The leaf contact angle was measured in 5 leaves of each 
plant. 
4.2.6 Data Analysis 
For each measurement day the net photosynthesis data set was divided into four 
periods: a) before the irrigation (before), b) during the irrigation (during), c) 1 hour 
after the irrigation (1 h after), and d) 2 hours after the irrigation (2 h after). The 15 min 
interval data of net photosynthesis of the two treatments (irrigated and not irrigated) 
was compared with a paired t-test at a level of significance of P = 0.05. The 
measurement days when the net photosynthesis before the irrigation was different 
between the irrigated and not irrigated treatment were rejected. Other variables 
measured at the same time in the irrigated and not irrigated plots (air temperature 
and VPD, canopy temperature, air temperature inside and outside the automated 
canopy chamber) were analyzed also with a paired t-test. 
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Photo 4.1. Automatic weather station installed at the field of maize used for the 




Photo 4.2. Automated transient-state closed-system canopy chamber installed at 
experimental field of maize with the top wall open (left), and closed (right) during 
the period of measurements of CO2 exchange. 
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Photo 4.3. Automated transient-state closed-system canopy chamber showing the 




Photo 4.4. Equipment of measurement of net photosynthesis installed at 
experimental field of alfalfa. 
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Photo 4.6. Sensor used to measure photosynthetically active radiation (PAR) 
incoming above the crop canopy. 
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4.3 Results and Discussion 
4.3.1 General Characteristics of the Irrigations  
For those irrigation events during which net photosynthesis was measured the 
duration ranged from 4 to 5.5 h for maize and from 2.5 to 3 h for alfalfa (Table 4.2). 
Taking into account the sprinkler application rates for both experiments, the average 
irrigation depths applied at each irrigation event were similar for both species (maize 
(24 mm), alfalfa (22 mm)) (Table 4.2). 
For irrigation events of maize, the mean air temperature and VPD ranged from 25 to 
32 ºC and from 1.50 to 3.10 kPa, respectively. For irrigation events of alfalfa, the 
mean air temperature and VPD ranged from 20 to 32 ºC and from 1.20 to 2.90 kPa, 
respectively (Table 4.2). The wind speed ranged from 1.2 to 4.1 m s-1 during the 
irrigation events of maize and from 0.9 to 7.0 m s-1 for those of alfalfa. 
The WDEL during the irrigation events of maize ranged from 8 to 26% of applied 
water depth, while this range was wider for irrigation events of alfalfa (from 1 to 35%). 
In general, greater WDEL occurred with higher wind speed. The greater WDEL of 
maize (26%) and alfalfa (35%) were measured for wind speeds of 4.1 and 7.0 m s-1, 
respectively (Table 4.2). This is due to the fact that the WDEL are significantly 
affected by the wind speed (Playán et al., 2005). The CU values for the irrigation 
events of maize ranged from 67% to 90% and for the irrigation events of alfalfa from 
76 to 89%. The lower CU values were found in irrigation events with high wind 
speed. The photosynthetically active radiation (PAR) ranged from 1310 to 1818 
micromol m-2 s-1 during the maize irrigation events, and from 1163 to 2069 micromol 
m-2 s-1 during the alfalfa irrigation events (Table 4.2). 
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Table 4.2. Mean characteristics of the irrigation events during which net 
photosynthesis was measured. Mean meteorological conditions during the irrigation 
events (air temperature and VPD, and windspeed) measured at the ‘nearby grass 
station’ and photosynthetically active radiation (PAR) reaching the canopy measured 









speed PAR Experiment and 
irrigation 
date hh:mm mm % % ºC kPa m s
-1 µmol m-2 s-1 
Experiment 1 
Maize         
9 July 2009 4:00 21 18.8 87 25.4 2.0 2.3 1810 
16 July 2009 5:15 27 22.1 86 31.6 2.5 2.6 1694 
23 July 2009 5:00 25 24.2 72 29.7 2.5 3.3 1726 
27 July 2009 5:00 26 25.6 68 31.1 2.9 4.1 1406 
30 July 2009 5:30 28 21.9 82 28.9 2.4 3.3 1651 
24 June 2010 5:30 27 10.9 90 29.7 3.1 1.2 1818 
28 June 2010 4:30 22 9.5 84 26.9 1.8 2.3 1554 
20 July 2010 5:30 28 8.5 83 30.7 1.9 2.2 1544 
02 Aug. 2010 4:00 20 21.6 67 27.0 1.5 3.4 1624 
09 Aug. 2010 4:00 20 11.2 86 30.8 2.3 2.9 1310 
        
Experiment 2 
Alfalfa        
29 Sep. 2009 3:00 22 0.8 85 22.8 1.3 1.2 1257 
1 Oct. 2009 3:00 22 22.4 82 25.3 1.6 3.4 1163 
5 Oct. 2009 3:00 22 5.7 81 24.7 1.2 1.7 1243 
8 Oct. 2009 3:00 22 10.5 78 24.9 1.6 2.0 1278 
12 July 2010 3:00 22 9.6 84 32.0 2.9 1.3 1520 
16 June 2011 3:00 22 18.6 87 27.9 2.2 3.2 1737 
21 June 2011 3:00 24 7.3 85 30.3 2.4 0.9 2069 
23 June 2011 3:00 23 15.6 89 23.8 1.5 3.2 1929 
18 July 2011 3:00 22 15.4 87 22.0 1.5 2.6 2055 
20 July 2011 3:00 23 30.3 77 22.5 1.5 5.2 1985 
4 Aug. 2011 2:45 20 11.5 88 29.0 2.2 1.3 1959 
19 Sep. 2011 3:00 22 35.3 76 20.3 1.3 7.0 1584 
21 Sep. 2011 3:00 22 10.4 86 23.9 1.3 1.1 1629 
28 Sep. 2011 2:30 18 13.5 84 25.7 1.7 2.6 1410 
        
†WDEL: Wind drift and evaporation losses. 
‡CU: Coefficient of uniformity of Christiansen. 
§VPD: Vapour pressure deficit. 
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4.3.2 Microclimatic and Canopy Temperature Changes 
Reductions of air temperature and VPD during irrigation were observed as soon as 
the sprinkler irrigation started as found by others (Thompson et al., 1993; Tolk et al., 
1995; Cavero et al., 2009). Thus, there was a significant reduction (P = 0.05) of the 
air temperature of the irrigated treatments, around 1.5 and 1.7 ºC for maize and 
alfalfa, respectively (Table 4.3). For both crops these significant reductions lasted 1 h 
after irrigation with an average reduction of 0.6 ºC (Table 4.3). Two hours after the 
irrigation finished, the air temperature values of the irrigated treatments matched 
again the air temperature values in the not irrigated treatments (Table 4.3). Likewise, 
the average air temperature inside the canopy chamber at the irrigated treatment 
was also significantly lower (3.8 ºC for maize, and 3.5 ºC for alfalfa) than the average 
air temperature at the not irrigated treatment (Table 4.3). These significantly 
reductions lasted 1 h after the irrigation finished and accounted for 1.9 ºC (maize) 
and 1.3 ºC (alfalfa) (Table 4.3). Two hours after the irrigation finished the values of air 
temperature at irrigated treatments reached those values at not irrigated treatments 
(Table 4.3). The same behaviour was observed for the air temperature 
measurements outside the chamber.  
During irrigation the average reductions of air temperature recorded with the 
thermocouples (3.5- 3.8 ºC) were twice the reductions recorded with the probes (1.5- 
1.7 ºC). The probes provided readings above the crop canopy while the 
thermocouples provided readings inside the crop canopy. Cavero et al. (2009) found 
that the microclimatic changes due to sprinkler irrigation are greater as the 
measurement height decreases. During the irrigation, canopy temperature was close 
to the temperature measured with the thermocouples (Figure 4.3) although canopy 
temperature data corresponded to a period of 5 min and the thermocouple 
temperature data corresponded to the period of 50 s when the chamber was closed. 
The canopy chamber slightly increased the air temperature in the irrigation events of 
maize (<1 ºC) and alfalfa (<1.2 ºC) (Table 4.3). This increase occurred in both the 
irrigated and not irrigated treatments.  
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Table 4.3. Average air temperature and vapor pressure deficit (VPD) (measured 
above the crop canopy) and canopy temperature of maize and alfalfa in the irrigated 
(Irrig) and not irrigated (Not irrig) plots during and after the irrigation events when 
photosynthesis was measured. Average air temperature measured with 
thermocouples inside and outside the canopy chambers is also provided. 
 
Variable and crop  During irrigation 1 h after 
irrigation 
2 h after 
irrigation 
 N† Irrig Not irrig Irrig Not irrig Irrig Not irrig
Air temperature (ºC)        
  Maize 10 27.6 b‡ 29.1 a 30.5 b 31.1 a 30.6 a 30.7 a 
  Alfalfa 14 23.6 b 25.3 a 26.8 b 27.4 a 27.4 a 27.6 a 
        
Air VPD (kPa)        
  Maize 10 1.75 b 2.19 a 2.78 b 2.91 a 2.90 a 2.90 a 
  Alfalfa 14 1.30 b 1.74 a 2.05 b 2.22 a 2.29 a 2.35 a 
        
Canopy 
temperature (ºC)        
  Maize 5 24.4 b 29.5 a 28.0 b 29.9 a 29.0 a 28.8 a 
  Alfalfa 13 21.1 b 27.0 a 27.2 b 28.2 a 28.0 a 27.1 a 
        
Temperature inside 
chamber (ºC)        
  Maize 10 25.9 b 29.7 a 27.8 b 29.7 a 28.2 a 28.7 a 
  Alfalfa 14 23.6 b 27.1 a 26.7 b 28.0 a 27.0 a 27.3 a 
        
Temperature outside 
chamber (ºC)        
  Maize 10 26.3 b 28.7 a 28.2 b 28.9 a 28.0 a 27.9 a 
  Alfalfa 14 22.4 b 26.3 a 26.8 b 27.4 a 26.7 a 26.9 a 
        
† Number of irrigation events.  
‡ For each variable, crop and period of measurement, the values followed by different 
letters are significantly different according to a paired t-test at the 0.05 level. 
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Figure 4.3. Relationship between the canopy temperature and the temperature 
measured with the thermocouples inside the chamber during the irrigation in the 
irrigated ant not irrigated plots. Values are the average of the 15-min interval data 
for each irrigation event. 
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The sprinkler irrigation also significantly reduced the air VPD during irrigation by 0.44 
kPa for both crops (Table 4.3). During the first hour after the irrigation finished the 
significant VPD reductions were 0.13 kPa (maize) and 0.17 kPa (alfalfa) (Table 4.3). 
For both crops, the VPD recorded at irrigated treatment matched the recorded values 
at not irrigated treatment at the second hour after irrigation finished as in the case of 
reductions observed for air temperature (Table 4.3). These results were within the 
ranges reported by previous works on sprinkler irrigation (Thompson et al., 1993; 
Tolk et al., 1995; Saadia et al., 1996; Cavero et al., 2009).  
The microclimatic changes (air temperature and VPD reductions) due to sprinkler 
irrigation cause plant physiological changes such as the decrease of canopy 
temperature (Steiner et al., 1983b; Tolk et al., 1995; Saadia et al. 1996; Cavero et al. 
2009; Liu and Kang 2006a and 2006b) and this decrease of canopy temperature was 
also observed in this work. Maize canopy temperature was significantly reduced by 
5.1 ºC during sprinkler irrigation. During the first hour after the irrigation finished this 
decrease, although lower (1.9 °C in average), was significant (Table 4.3). These 
results were similar to those observed in maize by Tolk et al. (1995) using lateral-
move sprinkler irrigation system and by Cavero et al. (2009) using solid-set sprinkler 
irrigation system. The alfalfa canopy temperature was also significantly reduced by 
5.9 ºC during sprinkler irrigation and, one hour after irrigation this significant decrease 
was 1.0 ºC (Table 4.3). The slightly lower mean decrease of canopy temperature due 
to sprinkler irrigation of maize compared to alfalfa was probably due to a lower water 
application rate for maize as compared with alfalfa, i.e. a higher application rate 
caused a higher cooling effect for the crop of alfalfa, and therefore larger canopy 
temperature reductions (Cavero et al., 2009). 
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4.3.3 Net Photosynthesis 
The time evolution of the net photosynthesis rate of maize recorded at 15-min 
intervals during the periods before, during, 1 h and 2 h after irrigation is shown in 
Figure 4.4 for daytime irrigation on 30 July 2009. This figure shows that the net 
photosynthesis rates of maize were similar for both treatments before irrigation. 
However, 15 min after the irrigation started (the first measurement time for the period 
during) the net photosynthesis rate of maize at the irrigated treatment decreased 
compared to the not irrigated treatment. This lower photosynthesis rate at the 
irrigated treatment remained until the end of irrigation. As soon as irrigation finished, 
the net photosynthesis rate at the irrigated treatment became close to the net 
photosynthesis rate at the not irrigated treatment. 
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Maize, 30 July 2009
Irrigation
Figure 4.4. Net photosynthesis rates of maize at 15-min interval from 1 h before until 
2 h after the end of the irrigation event on 30 July 2009 for the irrigated and not 
irrigated treatments (Y axis at left side). The photosynthetically active radiation 
(PAR) above the crop canopy is shown in the Y axis at the right side. 
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Two of the measurement days for net photosynthesis of maize in 2010 were rejected 
from the analysis because there were significant differences between the two 
treatments before the irrigation started. Thus, ten irrigation events were available to 
study the effect of sprinkler irrigation on maize net photosynthesis (Table 4.4). 
Sprinkler irrigation significantly reduced the maize net photosynthesis rate on 8 of the 
10 irrigation events during the irrigation period (Table 4.4). In the other two days, 
there were not differences between the two treatments. The reduction of net 
photosynthesis rates of maize at the irrigated treatment ranged from 10% (16 July 
2009) to 41% (27 July 2009). Considering all the irrigation events, a mean 19% 
reduction of maize net photosynthesis was found in the irrigated treatment compared 
to the not irrigated treatment during the irrigation event. 
During the first hour after the irrigation finished the net photosynthesis rate of maize 
at the irrigated treatment was significantly lower as compared to the not irrigated 
treatment in two days with a reduction of 30 to 39%. In the other eight days, there 
were not differences between the two treatments. Considering all the irrigation events 
during the first hour after the irrigation finished, the maize net photosynthesis was 
10% lower in the irrigated treatment compared to the not irrigated treatment (Table 
4.4). Finally, during the second hour after irrigation of maize finished the net 
photosynthesis rate at the irrigated treatment was lower as compared to the not 
irrigated treatment in two days with a reduction of 12 to 36%. In the other six days, 
there were not differences between the two treatments. Considering all the irrigation 
events during the second hour after the irrigation finished, the maize net 
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Table 4.4. Net photosynthesis rates of maize and alfalfa in the irrigated and not irrigated plots before, during and after the irrigation. 
   Net photosynthesis 
   Before irrigation During irrigation 1 h after irrigation 2 h after irrigation 
Crop Date Crop height Irrig Not irrig Irrig Not irrig Irrig Not irrig Irrig Not irrig 
  ------m------  --------------------------------------------------  µmol m-2 s-1 ---------------------------------------------------- 
 9 July 2009 2.40 47.8† a 56.5 a 58.0 b 70.3 a 48.5 a 69.3 a 60.5 b 68.8 a 
 16 July 2009 2.40 82.3 a 76.2 a 76.4 b 85.0 a 49.5 a 61.3 a 20.8 a 15.0 a 
 23 July 2009 2.40 30.4 a 35.8 a 51.1 b 68.8 a 61.1 a 66.8 a   
 27 July 2009   2.40 73.9 a 76.2 a 39.0 b 66.4 a 21.7 b 35.9 a 9.8 a 19.4 a 
 30 July 2009 2.40 53.5 a 55.6 a 52.5 b 66.7 a 39.5 a 42.6 a 16.6 a 17.2 a 
 24 June 2010 1.05 40.0 a 44.5 a 39.7 b 47.5 a 38.5 a 34.7 a 23.5 a 20.8 a 
 28 June 2010 1.40 55.7 a 53.9 a 62.6 a 63.6 a 61.3 a 59.0 a 47.9 a 52.9 a 
 20 July 2010 2.45 61.2 a 66.9 a 65.4 b 82.5 a 39.1 a 42.0 a 13.1 a 22.8 a 
 2 Aug. 2010 2.45 46.1 a 51.8 a 55.8 b 81.8 a 50.5 b 72.0 a 32.7 b 51.3 a 
 9 Aug. 2010 2.45 44.9 a 46.8 a 53.2 a 52.6 a 38.0 a 14.5 a   
Maize 
Mean  53.6 56.4 55.4 68.5 44.8 49.8 28.1 33.5 
 29 Sept. 2009 0.20 17.9 a 19.8 a 20.5 a 19.9 a 19.3 a 20.5 a 12.4 a 13.7 a 
 1 Oct. 2009 0.25 25.2 a 22.1 a 25.8 a 20.8 b 23.2 a 14.8 b 17.5 a 11.3 b 
 5 Oct. 2009 0.35 26.5 a 27.7 a 29.3 a 29.3 a 24.1 a 21.1 b 23.7 a 18.9 b 
 8 Oct. 2009 0.42 26.1 a 26.5 a 30.3 a 27.2 b 21.2 a 18.8 a 14.9 a 11.4 a 
 12 July 2010 0.50 34.8 a 36.0 a 29.9 a 24.0 b 30.0 a 23.3 a 26.2 a 20.3 b 
 16 June 2011 0.35 26.9 a 26.4 a 27.8 a 21.4 b 22.9 a 16.9 b 17.1 a 13.7 a 
 21 June 2011 0.40 30.5 a 28.7 a 31.3 a 28.4 b 29.5 a 28.6 a 3.6 a 4.8 a 
 23 June 2011 0.45 35.1 a 37.8 a 33.6 b 39.4 a 35.5 a 35.9 a 33.0 a 34.1 a 
 18 July 2011 0.30 26.1 a 26.4 a 30.4 a 27.0 a 29.7 a 26.7 a 26.0 a 22.0 a 
 20 July 2011 0.35 31.7 a 26.9 a 34.2 a 30.0 a 31.0 a 27.9 a 27.9 a 24.4 a 
 4 Aug. 2011 0.50 25.0 a 26.7 a 21.8 a 25.6 a 22.8 a 22.6 a 22.1 a 19.6 a 
 19 Sept. 2011 0.20 20.1 a 20.6 a 22.3 a 21.8 a 23.2 a 20.8 a 21.8 a 18.5 a 
 21 Sept. 2011 0.25 23.6 a 22.9 a 22.3 a 23.1 a 26.1 a 19.7 b 20.4 a 19.0 a 
 28 Sept. 2011 0.40 28.0 a 23.5 a 21.4 b 30.8 a 23.3 a 25.4 a 23.4 a 25.1 a 
Alfalfa 
Mean  27.0 26.6 27.2 26.3 25.8 23.1 20.7 18.3 
† For each crop-date and period the values followed by different letters are significantly different according to a paired t-test at the 0.05 
level. 
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The effect of sprinkler irrigation on the net photosynthesis rate of alfalfa was different 
than that observed for maize crop. The time evolution of the net photosynthesis rates 
of alfalfa recorded at each interval of 15 min during the periods before, during, 1 h 
and 2 h after irrigation is shown in Figure 4.5 for daytime irrigation on 8 October 
2009. This figure shows that before irrigation started the net photosynthesis rates of 
alfalfa were similar for both treatments. Around 1 hour after the beginning of the 
irrigation the net photosynthesis rates at the irrigated treatment was slightly higher 
than the photosynthesis at the not irrigated treatment. When the irrigation finished, 
the net photosynthesis rates at the irrigated treatment began to be similar to the net 
photosynthesis rates at the not irrigated treatment and in the second hour after the 
irrigation finished they were similar in the two treatments. 
 
Alfalfa, 8 October 2009
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Figure 4.5. Net photosynthesis rates of alfalfa at 15-min intervals from 1 h before 
irrigation until 2 h after the end of irrigation event on 8 October 2009 for the 
irrigated and not irrigated treatments (Y axis at left side). The photosynthetically 
active radiation (PAR) above the crop canopy is shown in the Y axis at the right 
side. 
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Four of the measurement days for net photosynthesis of alfalfa in 2010 and three in 
2011 were rejected from the analysis because there were significant differences 
between the two treatments before the irrigation started. Thus, fourteen irrigation 
events were available to study the effect of sprinkler irrigation on alfalfa net 
photosynthesis (Table 4.4). During the irrigation period, sprinkler irrigation did not 
affect the alfalfa net photosynthesis rate in half of the irrigation events, significantly 
increased the alfalfa net photosynthesis rate on 5 of the 14 monitored irrigation 
events (Table 4.4), and significantly decreased the alfalfa net photosynthesis rate on 
2 of the 14 monitored irrigation events. The increase of net photosynthesis rate of 
alfalfa at the irrigated treatment ranged from 10% (21 June 2011) to 30% (16 June 
2011), while the decrease of net photosynthesis rate of alfalfa at the irrigated 
treatment ranged from 15% (23 June 2011) to 30% (28 Sep. 2011). Considering all 
the irrigation events, similar net photosynthesis was found for alfalfa in the irrigated 
and not irrigated treatments during the irrigation event (Table 4.4).  
During the first hour after the irrigation of alfalfa finished, the net photosynthesis rates 
at the irrigated treatment were higher as compared to the not irrigated treatment on 
four days with an increase of 14 to 57%. In the other nine days, there were not 
differences between the two treatments. Considering all the irrigation events, during 
the first hour after the irrigation of alfalfa finished the net photosynthesis rate was 
12% higher in the irrigated treatment compared to the not irrigated treatment. Finally, 
during the second hour after irrigation of alfalfa finished the net photosynthesis rate 
at the irrigated treatment was higher as compared to the not irrigated treatment in 
three days with an increase of 25 to 55%. In the other eleven days, there were not 
differences between the two treatments. Considering all the irrigation events, during 
the second hour after irrigation of alfalfa finished the net photosynthesis rate was 
13% higher in the irrigated treatment compared to the not irrigated treatment. 
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Cavero et al. (2009) found that sprinkler irrigation increased the leaf water potential 
of maize. This plant physiological change should increase maize photosynthesis. 
Thus, increased leaf water potential due to mist irrigation resulted in a yield increase 
for southern peas (Howell et al., 1971). Liu and Kang (2006 a,b) reported a higher 
yield of sprinkler irrigated winter wheat as compared to surface irrigated. However, 
photosynthesis of maize can also be affected by the change in air and canopy 
temperature due to sprinkler irrigation (Wanjura and Upchurch, 2000). Given the 
good relationship between canopy temperature and the temperature measured inside 
the chamber with the thermocouples (Figure 4.3), the fact that no data of canopy 
temperature was available for maize in 2010, and considering that the data from the 
thermocouples correspond to the period of measurement of net photosynthesis we 
plotted the relationship between the air temperature inside the chamber and the net 
photosynthesis rate during the sprinkler irrigation for the irrigated and not irrigated 
plots (Figure 4.6).  
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Figure 4.6. Relationship between the net photosynthesis rate of maize and alfalfa and 
the temperature inside of canopy chamber during sprinkler irrigation at the irrigated 
and not irrigated treatments along the irrigation seasons in 2009-10 (maize) and 
2009-11 (alfalfa). Each point is the average value of an irrigation date. The green 
line indicates the optimum canopy temperature for the photosynthesis of maize 
(Wanjura and Upchurch, 2000).  
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For maize, lower net photosynthesis rates at the irrigated treatment were related with 
lower air temperatures reached at this treatment compared to the not irrigated 
treatment. This could be because the air temperature at irrigated treatment was 
reduced below 28 ºC which has been established as optimum temperature for the 
photosynthesis of maize (Wanjura and Upchurch, 2000). Low values of net 
photosynthesis of maize at the not irrigated treatment were found with incomplete 
canopy cover (24 June 2010) and when the PAR was low (9 August 2010, 1310 µmol 
m-2 s-1). In the latter date similar values of net photosynthesis rates were measured at 
air temperatures of 27 Cº (irrigated treatment) and 30 ºC (not irrigated treatment) 
probably because the low radiation strongly limited photosynthesis of maize (Figure 
4.6; Table 4.2).  
Figure 4.7 shows that the decrease of maize net photosynthesis during sprinkler 
irrigation at the irrigated treatment was higher as the PAR was higher. This could 
explain why no significant difference in net photosynthesis of maize between the 
irrigated and not irrigated treatments was found on 9 August 2010 due to the low 
PAR at that day. Similarly, for the 28 June 2010 the Figure 4.8 shows that when the 
PAR was higher than 1500 µmol m-2 s-1 sprinkler irrigation reduced the net 
photosynthesis in eight out of 11 measurement periods while when the PAR was 
lower than 1500 µmol m-2 s-1 sprinkler irrigation only reduced the net photosynthesis 
in one out of seven measurement periods. 
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Figure 4.7. Relationship of the difference between net photosynthesis of maize 
measured during irrigation at the irrigated and not irrigated treatments and the 
photosynthetically active radiation (PAR) along the irrigation seasons in 2009 and 
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Figure 4.8. Relationship of the difference between the photosynthesis of maize 
measured during irrigation at irrigated and not irrigated treatments with the 
photosynthetically active radiation (PAR) on 28 June 2010. Each value 
corresponds to a 15-min interval measurement. 
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In the case of the alfalfa crop, although the temperature inside the chamber 
decreased due to sprinkler irrigation, the net photosynthesis rate was not changed 
within the range of temperature measured (from 20 to 32 ºC) (Figure 4.6). This range 
of temperatures in both treatments was mostly within the range of optimum 
temperatures (from 20 to 30 °C) for photosynthesis of alfalfa reported (Chatterton 
and Carlson, 1981; Brown and Radcliffe, 1986; Al-Hamdani and Todd 1990; Ziska 
and Bunce, 1994). Therefore, during irrigation the temperature inside the chamber of 
both irrigated and not irrigated treatments was optimum (Table 4.3) for the 
photosynthesis of alfalfa and this could be one of the reasons why sprinkler irrigation 
did not decrease the net photosynthesis of alfalfa as compared to maize. 
 
4.3.4 Leaf Wettability 
The contact angle of distilled water drops over the adaxial and abaxial maize leaf 
surfaces was not different in the irrigated and not irrigated treatments in any period of 
measurement (Figure 4.9). Lower values were found in the abaxial leaf surface as 
compared with the adaxial leaf surface. These angles were lower than 90º indicating 
that the leaves of maize are wettable, as can be seen in Photo 4.7. Similarly, no 
differences were found between the irrigated and not irrigated treatments in the 
contact angle of distilled water drops over the adaxial and abaxial leaf surfaces of 
alfalfa (Figure 4.10). However, in alfalfa the contact angle was higher (121º for the 
adaxial surface and 125º for the abaxial surface), which makes the leaves of alfalfa 
non wettable (Photo 4.8). 
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Figure 4.9. Contact angle (θ) of water drops for the adaxial and abaxial maize leaf 
surfaces of  the irrigated and not irrigated  treatments on 9 August 2010. Values 
are the means of four leaves from different plants and error bars are the standard 
deviations. For each time and type of leaf surface no differences were found 
between the irrigated and not irrigated treatments after a t-test at P=0.05.  
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Figure 4.10. Contact angle (θ) of water drops for the adaxial and abaxial alfalfa leaf 
surfaces of the irrigated and not irrigated treatments  on 12 July 2010. Values are 
the means of eight plants (5 leaves from each plant were measured) and error 
bars are the standard deviations. For each type of leaf surface no differences were 
found between the irrigated and not irrigated treatments after a t-test at P=0.05.  
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Photo 4.7. Image of wettable leaves of maize during sprinkler irrigation. 
 
 
Photo 4.8. Image of non-wettable leaves of alfalfa during sprinkler irrigation. 
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Considering all the irrigation events sprinkler irrigation decreased the net 
photosynthesis of maize whereas the net photosynthesis of alfalfa slightly increased. 
There are two species characteristics that could be the cause of the different 
response of net photosynthesis to sprinkler irrigation between maize and alfalfa in 
our study.  
First, leaves of maize are wettable while leaves of alfalfa are non wettable. A similar 
relationship between leaf wettability and net photosynthesis was found in a growth 
chamber study (Hanba et al. (2004)) that reported that moistening the leaves of a 
wettable species (bean: Phaseolus vulgaris L.) decreased photosynthesis while 
moistening the leaves of a non-wettable species (pea: Pisum sativum L.) increased 
photosynthesis. For the maize crop (wettable species), the layer of sprinkler irrigation 
water that covered the leaves (Photo 4.7) was a barrier to CO2 uptake which reduced 
photosynthesis. Hanba et al. (2004) found that the reduction of net photosynthesis on 
the wettable species occurred shorthly after moistening the leaves during 10 minutes 
and that the photosynthesis increased rapidly as the layer of water evaporated. 
However, they found that the reduction of net phosynthesis was irreversible when the 
leaves have been exposed to moistening for a long period of time (72 h) due to a 
16% decrease in stomatal conductance and a 55% reduction in amount of Rubisco. 
In our work, we found that the net photosynthesis of maize was reduced by sprinkler 
irrigation shortly after the irrigation started but given the short duration of irrigation (4 
to 6 h) the net photosynthesis of maize was only reduced in two out of ten days along 
the first and second hour after irrigation finished. Therefore, during sprinkler irrigation 
of maize the CO2 diffusion and fixation processes were limited by the layer of 
irrigation water and photosynthesis was not totally recovered along the two hours 
following the irrigation. In the case of the alfalfa crop (non-wettable species) no water 
barrier to CO2 uptake was formed (Photo 4.8), therefore the CO2 diffusion and 
fixation processes were no affected and the sprinkler irrigation had a slight positive 
effect for photosynthesis probably because of the lower VPD (Brewer and Smith, 
1995 and 1997; Brewer et al., 1991; Smith and McClean, 1989), suggesting an 
increase of stomatal conductance. 
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The second characteristic is the response of net photosynthesis to temperature. 
Lower net photosynthesis rates of maize were related with lower temperatures 
reached at the irrigated treatment while the net photosynthesis rates of alfalfa were 
not affected by the lower temperatures at the irrigated treatment. This could be due 
to the fact that the C4 plant species (maize) have a higher temperature optimum for 
photosynthesis than C3 species (alfalfa) (Berry and Björkman, 1980; Edwards and 
Walker, 1983). For maize the optimum temperature for photosynthesis has been 
established in 28 ºC (Wanjura and Upchurch, 2000) and lower photosynthesis has 
been found as temperature decreases (Labate et al. 1991). For alfalfa a wide range 
of temperature optimum for photosynthesis has been established (20 to 30 ºC) 
(Chatterton and Carlson, 1981; Brown and Radcliffe, 1986; Al-Hamdani and Todd 
1990; Ziska and Bunce, 1994. Therefore, for maize the air temperatures at the 
irrigated treatment (between 23 and 28 ºC) were below the optimum range for 90% of 
the irrigation events probably reducing net photosynthesis. However, in the case of 
alfalfa, the air temperatures at the irrigated treatment (between 20 and 28 ºC) were 
within the optimum range for most irrigation events, and consequently did not affect 
net photosynthesis.  
4.4 Conclusions 
? Sprinkler irrigation significantly decreased the air temperature by 1.5 ºC 
(maize) and 1.7 ºC (alfalfa) and significantly decreased the VPD by 0.44 KPa 
for both maize and alfalfa. These significant reductions of air temperature and 
VPD lasted after irrigation for 1 h and accounted for 0.6 ºC (both crops), and 
0.13 KPa (maize) and 0.17 KPa (alfalfa), respectively.  
? The microclimatic changes due to irrigation caused significantly reductions of 
the canopy temperature of maize (5.1 ºC) and alfalfa (5.9 ºC) which continued 
1 h after irrigation finished amounting to 1.9 and 1.0 ºC for maize and alfalfa, 
respectively.  
? Sprinkler irrigation significantly decreased the net photosynthesis rate of 
maize on 8 out of 10 irrigation events; and did not affect net photosynthesis 
rate for the 2 remaining irrigations. Considering all irrigation events, sprinkler 
irrigation reduced the net photosynthesis rate of maize by 19% during 
irrigation. 
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? After sprinkler irrigation of maize, the average net photosynthesis rate at 
irrigated treatment was 10% (1 h after irrigation) and 16% (2 h after irrigation) 
less than that recorded at not irrigated treatment.  
? Sprinkler irrigation increased net photosynthesis rate of alfalfa on 5 irrigation 
events, decreased it on 2 irrigation events and did not change net 
photosynthesis rate of alfalfa on 7 irrigation events. Considering all irrigations 
events of alfalfa, sprinkler irrigation did not affect the net photosynthesis rate 
during irrigation. 
? After sprinkler irrigation of alfalfa, the average net photosynthesis rate at the 
irrigated treatment was 11% greater than those recorded at not irrigated 
treatment both 1 and 2 h after irrigation.  
? The reduction of net photosynthesis rate of maize during sprinkler irrigation 
was related both with the high wettability of maize leaves which reduced the 
exchange of CO2 and with the reduction of canopy and air temperature which 
resulted in temperatures below the optimum for photosynthesis of maize. 
? The low wettability of the leaves of alfalfa precluded that sprinkler irrigation 
water interfered with the CO2 uptake and therefore did not decrease net 
photosynthesis. Moreover, sprinkler irrigation did not decrease air and canopy 
temperature below the optimum range for photosynthesis of alfalfa. The 
decrease of air VPD due to sprinkler irrigation induced a slight increase of 
alfalfa net photosynthesis. 
? Sprinkler irrigation during daytime must be avoided for maize but can be used 
for alfalfa. 
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Capítulo 5. Relevance of sprinkler irrigation time and water losses 
on maize yield 
5.1 Introduction 
In order to reduce investment costs, most sprinkler irrigation systems are designed to 
operate 24 hours daily during periods of maximum crop water requirement. 
Irrigation efficiency depends on both water losses and uniformity of water distribution. 
For sprinkler irrigation systems, both these factors are affected by the environmental 
conditions during the irrigation event and can be very different during daytime and 
nighttime irrigation events (Playán et al., 2005; Cavero et al., 2008). 
During a sprinkler irrigation event, some water is lost due to wind drift and 
evaporation (WDEL) that occurs as water travels from the sprinkler nozzles to the 
crop, and to evaporation that occurs for water intercepted by stems and leaves after 
the irrigation event (Tolk et al., 1995). While interception losses are primarily 
dependent on leaf architecture and crop development stage, and remain fairly 
constant for each irrigation event, (e.g. 0.6-2.7 mm for maize (Steiner et al., 1983a)), 
WDEL mostly depend on the environmental conditions during the irrigation event, 
increasing as the air temperature, the vapour pressure deficit (VPD) and the wind 
speed increase (Dylla and Shull, 1983). Several studies have found that WDEL range 
from 0 to 20 % of applied water (Yazar, 1984; Kincaid et al., 1996; Dechmi et al., 
2003; Playán et al., 2005) with higher losses during daytime irrigation compared to 
nighttime irrigation (Playán et al., 2005; Cavero et al., 2008). 
Wind is the main environmental factor affecting irrigation uniformity, which decreases 
as wind speed increases (Seginer et al., 1991; Tarjuelo et al., 1999b; Kincaid et al., 
1996; Dechmi et al., 2003). It is well known that wind speed is higher during daytime 
than during nighttime (Doorenbos and Pruitt, 1977). 
Although sprinkler irrigation during daytime results in higher water losses and lower 
irrigation uniformity compared to nighttime irrigation, sprinkling during daytime could 
have a beneficial effect for the microclimate of the irrigated area. Thus, sprinkler 
irrigation decreases VPD and air temperature during the irrigation event (Robinson, 
1970; Tolk et al., 1995; Playán et al., 2005; Cavero et al., 2009), which results in 
reductions of crop transpiration (McNaughton, 1981; Martínez-Cob et al., 2008; 
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Cavero et al., 2009) and crop canopy temperature (Tolk et al., 1995; Steiner et al., 
1983b; Saadia et al., 1996; Cavero et al., 2009), and increases of leaf water potential 
(Howell et al., 1971; Cavero et al., 2009). The reduction of crop transpiration is 
positive because it supposes a reduction of WDEL (Martínez-Cob et al., 2008). The 
decrease of canopy temperature can increase crop photosynthesis when 
temperatures are too high (Mahan et al., 1995; Wanjura and Upchurch, 2000), such 
as during the afternoon in semiarid climates in July and August. However, if 
temperature decreases below an optimum value, photosynthesis could decrease due 
to the lower canopy temperature (Mahan et al., 1995). The increase of leaf water 
potential is positive because photosynthesis of maize increases as leaf water 
potential increases (Boyer, 1970a and 1970b; Beadle et al., 1973). 
Cavero et al. (2008) reported a 10% significant reduction in maize grain yield with 
daytime solid-set sprinkler irrigation as compared to nighttime irrigation, which 
indicates that the disadvantages of daytime irrigation are more relevant than the 
beneficial effects of microclimatic and physiological changes. This yield reduction is 
related to the higher WDEL and lower application uniformity for daytime irrigation 
events. The knowledge about which technical aspect of the irrigation system (water 
losses or irrigation uniformity) has a greater influence over the crop yield of maize 
could clarify the different actions to improve the efficiency of irrigation. If the decrease 
in yield of maize irrigated during daytime is mainly due to the higher water losses, 
increasing the applied water could lead to a crop yield similar to that obtained for 
nighttime irrigation (Dechmi et al., 2004). However, if the decrease in crop yield is 
mainly due to the lower application uniformity, only actions increasing the uniformity 
(e.g. decreasing the sprinkler spacing) could overcome the yield gap between 
daytime and nighttime sprinkler irrigation. 
The experimental layout of Cavero et al. (2008) did not allow analyse separately the 
relevance on maize yield of the two aspects (water losses and irrigation uniformity) 
that are different between daytime and nighttime sprinkler irrigation. The objective of 
this work was to study the relevance of irrigation time (daytime and nighttime) and of 
water losses (adding them or not in the irrigation applied) over the growth and yield of 
maize under a solid-set sprinkler irrigation system. 
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5.2 Materials and Methods 
5.2.1 Experimental Site 
The field experiment was carried out during two years (2009-2010) in a 2.34 ha field 
irrigated with a solid-set sprinkler system, located at Zaragoza, Spain (41º43´N, 
0º48´W, 225 m altitude). The climate is Mediterranean semiarid with long-term 
annual averages of 14.1 °C for air temperature, 298 mm for precipitation, and 1243 
mm for reference evapotranspiration (ETo). The soil is clay loam and classified as 
Typic Xerofluvent. The soil characteristics of the experimental field can be found in 
Table 4.1 (Experiment 1). 
5.2.2 Experimental Layout 
The experimental field was divided in twelve irrigation sectors which were irrigated 
independently by four sprinklers each (Figure 4.1). The borders of the field were 
irrigated independently of the main twelve irrigation sectors. The sprinkler spacing 
was a square of 18 m x 18 m, i.e. each sector had a surface area of 324 m2. The 
impact sprinkler and nozzles were manufactured in brass (RC-130, Riegos Costa, 
Lérida, Spain). The sprinkler has a vertical throw angle of 25º, the nozzle diameters 
were 4.4 mm (main) and 2.4 mm (auxiliary), and the nozzle height was 2.50 m above 
the soil surface. The nozzle operating pressure was kept constant at 0.3 MPa with a 
hydraulic pressure control valve. Sprinkler application rate was 5 mm h-1 and the 
wetted radius was 15 m. The irrigation volume was measured with an 
electromagnetic flow meter (Promag 50, Endress+Hauser, Reinach, Switzerland) 
with ±0.5% measurement error. 
Maize cv. Pioneer PR34N43 was planted on 21 Apr. 2009 and 20 Apr. 2010 in rows 
0.75 m apart at a planting density of 87,000 (2009) and 92,000 (2010) seeds ha-1. 
Fertilization consisted of 50 Kg ha-1 N, 100 Kg ha-1 P2O5, and 100 Kg ha-1 K2O 
applied before sowing, and 200 Kg ha-1 N applied with the irrigation water in two 
dates (at V6 and V12). Weed and pest control were carried out following the best 
management practices of the area.  
The soil gravimetric moisture content was determined on disturbed soil samples (0.3-
m intervals to the 1.2-m depth) before planting by sampling in four locations of the 
field and making a composited sample for each depth. 
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The meteorological data recorded at a weather station over grass located 1 km 
southwest from the experimental field were used to compute the reference ETo using 
the FAO Penman-Monteith method (Allen et al., 1998). Crop coefficients (Kc) were 
calculated as a function of thermal time (Martínez-Cob, 2008). Thermal time was 
computed as the cumulative daily difference between daily mean air temperature and 
a basal air temperature of 8 °C (Kiniry, 1991). Daily crop evapotranspiration maize 
(ETc) was then obtained as the ETo multiplied by the Kc. The crop irrigation 
requirements (CIR) were determined weekly as the difference between the ETc and 
the effective precipitation, assumed as 75% of total weekly precipitation (Dastane, 
1978). The initial soil water content above the wilting point at the 0-0.9 m depth was 
considered as available for the crop and subtracted from the CIR at the beginning of 
the crop season. The irrigation amount applied to the crop was equal to the CIR and 
irrigation was applied at nighttime to all the experimental plots until the crop was well 
established (V6 to V8 growth stage) in order to have the same plant density and 
because limitations for irrigation scheduling at nighttime are generally not relevant 
during the period of lower CIR. 
Two factors, irrigation time and irrigation water depth, with two levels each were 
tested. For irrigation time the treatments were daytime or nighttime. For irrigation 
water depth the treatments were: CIR or CIR + sprinkler evaporation losses (SEL). 
The experimental design was factorial with three replicates per treatment. Therefore, 
four irrigation treatments were tested: a) daytime irrigation and CIR applied 
(daytime&CIR); b) daytime irrigation and CIR+SELdaytime applied 
(daytime&CIR+SELdaytime); c) nighttime irrigation and CIR applied (nighttime&CIR); 
and d) nighttime irrigation and CIR+SELnighttime applied 
(nighttime&CIR+SELnighttime). 
The irrigation amount for each treatment was calculated weekly and applied in two 
irrigation events lasting between 4 and 6 h. The starting time for irrigation was 
generally 1000 h Greenwich Meridian Time (GMT) for daytime irrigations and 2200 h 
GMT for nighttime irrigations. The irrigation sectors irrigated during daytime in 2009 
were irrigated during nighttime in 2010. 
The irrigation efficiency was evaluated determining the WDEL (Frost and Schwalen 
1955) and the uniformity of application through the coefficient of uniformity (CU) 
(Christiansen, 1942). For this, two grids of catch cans were placed in two irrigation 
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sectors, one irrigated during daytime and another irrigated during nighttime (Figure 
4.1). Each grid was formed by 25 catch cans, which were arranged in five rows and 
five columns with a distance of 3.6 m between catch cans (Photo 5.1). The catch 
cans were made of plastic, with an opening diameter of 0.18 m and a maximum 
capacity of 45 L m-2. The catch cans were marked in mm with a resolution of 1 mm, 
in order to read directly the collected irrigation depth just after each irrigation event. 
The catch cans were placed above the crop and they were moved up as the crop 
height increased (Photo 5.2). 









  (5.1) 
where Ifm (mm) is the applied irrigation depth measured with the flow meter; and Icc 
(mm) is the mean value of collected water depth in the catch cans. 
For maize, Martínez-Cob et al. (2008) reported that during daytime irrigation events 
the ETc was significantly reduced by 32% while the ETc significantly increased 34% 
just after the daytime irrigation events. Considering these changes in ETc, Martínez-
Cob et al. (2008) computed SEL for daytime irrigation (SELdaytime) as the measured 
WDEL reduced by an average of 2.8% of the applied irrigation depth. Because the 
experimental site, sprinkler irrigation system and maize cultivar used in this work 
were the same of Martínez-Cob et al. (2008), we calculated the SELdaytime from the 
WDEL measured in the daytime irrigation events in the same way. For nighttime 
irrigation events in maize, Martínez-Cob et al. (2008) pointed out that the changes in 
maize transpiration and ETc during irrigation were almost negligible and no reduction 
in ETc was recorded. However, an increase in ETc of 1.4% of the applied irrigation 
depth was observed after the irrigation events due to the evaporation of the 
intercepted water by the crop. Therefore the SEL for nighttime irrigation events 
(SELnighttime) was calculated as the measured WDEL in the daytime irrigation events 
increased by an average of 1.4% of the applied irrigation depth.  
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where ( )cci Ix −  is the deviation of the individual observations from the mean value of 
collected water depth in the catch cans, and n is the number of catch cans of the 
grid. 
5.2.3 Maize Growth and Yield 
The percentage photosynthetically active radiation (PAR) intercepted by the maize 
crop was determined using a 1-m long ceptometer (Sunscan, Delta-T, Cambridge, 
UK) and a PAR sensor (BF3 , Delta-T, Cambridge, UK). The measurements were 
performed during the R1 and R5 growth stages which occurred, respectively, in July 
(both years) and August (2009) or September (2010). All the measurements were 
taken around 1000 h GMT. The PAR sensor continuously measured the incoming 
PAR above the crop canopy every 30 s. The transmitted PAR below the canopy was 
measured with the ceptometer in three plant rows (6, 12 and 18) of each irrigation 
sector making four readings at different locations in each row; thereby twelve 
readings of transmitted PAR were recorded in each irrigation sector. The fraction of 
the PAR intercepted by the maize crop at each of the 12 sampling spots was 
calculated as the ratio of the difference between the PAR sensor reading (above the 
crop) and the simultaneous ceptometer reading (below the crop). The average 
intercepted PAR per irrigation sector was obtained. For each year, the plant height 
was measured after tasseling in five plants of the rows 6, 12 and 18 within each 
irrigation sector. Plant height was measured as the distance between the soil surface 
and the highest leaf. 
The harvest was conducted on 6 October 2009 and 4 October 2010 (Photo 5.3). For 
each irrigation sector, the final number of plants, number of ears, total biomass, 
kernel mass, and harvest index (HI) were determined by hand harvesting the plants 
in a 3-m long section of two rows. The plants were clipped at the soil level, the grain 
was separated from the cob and stover and both parts dried at 60 ºC. Each irrigation 
sector (18m x 18m) was also harvested with a combine (Photo 5.3) and the grain 
weighed with a 1-Kg precision scale. A subsample of grain was collected from each 
irrigation sector to measure the grain moisture, a measurement used to adjust the 
grain yield to a standard 14% moisture content. Another subsample of the combine 
harvested grain from each irrigation sector was dried at 60 ºC to measure kernel 
mass. The number of grain per unit area was calculated from the kernel mass and 
the grain yield. 
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5.2.4 Soil Matric Potential 
The soil matric potential was measured with a granular matrix sensor (Watermark, 
Irrometer Company, Riverside, CA). One irrigation sector of each irrigation time – 
irrigation water depth treatments were monitored. Eight sensors were installed in 
each of these four irrigation sectors (irrigation sectors 2, 3, 5 and 6) at the same 
positions within the square defined by the four sprinklers (Figure 4.1): four within the 
plant rows (two at 0.2 m depth and two at 0.6 m depth) and four at the center of the 
inter-plant row space (two at 0.2 m depth and two at 0.6 m depth). The eight sensors 
in each irrigation sector were connected to a datalogger (Microisis, Progres, 
Bellpuing, Lérida, Spain) which recorded the measurements each hour. According to 
the soil texture at the experimental site, values lower than -0.06 MPa can cause 
water stress for maize. 
5.2.5 Statistical Analysis 
The effect of irrigation time and irrigation water depth on maize growth and yield was 
analyzed with ANOVA. For each month and soil depth, the average daily values of 
the soil matric potential from each irrigation time-irrigation water depth treatment 
were compared using a t-test and level of significance of P= 0.05; in this case, four 
comparisons were carried out: daytime&CIR versus nighttime&CIR; 
daytime&CIR+SELdaytime versus nighttime&CIR+SELnighttime; daytime&CIR versus 
daytime&CIR+SELdaytime; and nighttime&CIR versus nighttime&CIR+SELnighttime. 
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Photo 5.1. Experimental field of maize with solid-set sprinkler irrigation system 
showing the two grids of catch cans used to evaluate the water losses and 





Photo 5.2. Overview of catch can in the experimental field of maize with solid-set for 
uniformity and water losses testing. 
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Photo 5.3. Mechanical harvest of maize in the irrigation-time & irrigation water depth 
experiments of 2009 and 2010.  
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5.3 Results  
5.3.1 Irrigation Applied and Characteristics of Irrigation Events 
The 2009 irrigation season was drier than the 2010 irrigation season. The seasonal 
effective precipitation was 47% lower in 2009 (Table 5.1). The soil available water at 
planting was 55 mm in 2009 and 52 mm in 2010. The ETc and the CIR were similar 
for both years (Table 5.1). The irrigation applied for crop establishment accounted for 
20% (2009) and 14% (2010) of CIR (Table 5.1). 
The seasonal irrigation applied at the CIR irrigation treatment was close to the CIR 
with a difference of 2 to 4 mm, which represents less than 1% of CIR (Table 5.1, 
Figure 5.1). The seasonal irrigation applied at the daytime&CIR+SELdaytime was 110 
mm (2009) and 70 mm (2010) higher than the CIR (Table 5.1). The seasonal 
irrigation applied at the nighttime&CIR+SELnighttime was 21 mm (2009) and 56 mm 
(2010) higher than the CIR (Table 5.1). In general, the weekly applied irrigation 
amount was close to that required in the different irrigation time-irrigation water depth 
treatments (Figure 5.1), but some discrepancies occurred during the season, mostly 
due to rainfall. 
Table 5.1. Effective precipitation (Pef), calculated crop evapotranspiration (ETc), crop 
irrigation requirement (CIR) and water applied for each irrigation treatment (irrigation 
time and irrigation water depth) before the irrigation treatments were started (from 
planting to maize V6–V8 growth stages), during the sprinkler irrigation treatments, 
and for the whole season in 2009 and 2010.  
Irrigation season Pef ETc CIR Irrigation applied 







  ----------------------------------mm---------------------------------- 
Planting to 10 June† 11 170 104 122 122 122 
11 June to maturity‡ 58 549 491 477 583 494 2009 
All season 69 719 595 599 705 616 
Planting to 20 June† 71 198 75 76 76 76 
21 June to maturity‡ 59 544 485 482 554 540 2010 
All season 130 742 560 558 630 616 
† Crop establishment. 
‡ Irrigation treatments. 
§ Sprinkler evaporation losses for daytime irrigation. 
¶ Sprinkler evaporation losses for nighttime irrigation. 
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Figure 5.1. Cumulative weekly values of calculated evapotranspiration of the crop (ETc), 
rainfall, crop irrigation requirement (CIR) for daytime and nighttime irrigation, 
CIR+sprinkler evaporation losses (SEL) for daytime and nighttime irrigation, and the 
irrigation applied in the different treatments of irrigation time &  irrigation water depth 
at the 2009 and 2010 experiments. 
 
The average air temperature was 2 ºC (daytime irrigations) and 1 ºC (nighttime 
irrigations) greater in 2009 than in 2010 (Table 5.2). Likewise, the air VPD was higher 
in 2009 irrigation events (Table 5.2). The wind speed during the irrigation events was 
higher in 2010, both during daytime and nighttime irrigation events (Table 5.2). The 
average daytime wind speed was between 2.5 and 2.8 m s–1, which is slightly higher 
than the threshold value of 2.1 m s–1 reported by Faci and Bercero (1991) for 
adequate irrigation uniformity in our region. This threshold was surpassed on 64% 
(2009) and 57% (2010) of daytime irrigation events. However, for the nighttime 
irrigation events, the average wind speed was lower, and only 36% (2009) and 29% 
(2010) of nighttime irrigation events surpassed the 2.1 m s–1 threshold. The prevailing 
wind direction was south and southeast in 2009 (for both daytime and nighttime 
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irrigation events); while the prevailing wind direction in 2010 was northwest (daytime 
irrigations) and west (nighttime irrigations). In this region, the wind coming from the 
west is generally stronger and cooler than those winds from other directions. The 
maximum values of wind speed recorded during daytime (6.9 m s-1) and nighttime 
(3.8 m s-1) irrigation events occurred in 2010.  
Table 5.2. Meteorological characterization for the daytime (Day) and nighttime (Night) 
irrigation events conducted in the 2009 and 2010 seasons. Values are the means for 
each group of irrigation events. 
Irrigation  Air Temperature Air VPD Wind speed Wind direction 
Year No. Day Night Day Night Day Night Day Night 
  -------ºC------- -------kPa------- ------m s -1------   
1-7 † 30.1 19.5 2.76 0.75 2.40 1.24 SW S 
8-22 ‡ 30.8 19.7 2.82 0.73 2.48 1.20 SSE SSE 2009 
All 30.6 19.7 2.80 0.74 2.46 1.21   
          
1-6 † 29.3 17.3 2.62 0.52 2.72 1.62 S SSW 
7-21 ‡ 28.4 19.1 2.25 0.60 2.83 1.59 NW W 2010 
All 28.7 18.6 2.36 0.58 2.80 1.60   
† Before maize tasseling. 
‡ After maize tasseling. 
For both irrigation seasons, the average value of WDEL for daytime irrigations was 
greater than for nighttime irrigations (Table 5.3). The WDEL of the daytime irrigation 
events ranged from 9 to 29%, while the WDEL of the nighttime irrigation events 
ranged from 0 to 22%. In general, greater losses of water occurred with higher wind 
speeds during daytime irrigations, but the relationship was not so clear for the 
nighttime irrigations. For daytime irrigation events, higher WDEL were found in 2009 
(Table 5.3). Although wind speed was slightly lower in 2009, the higher air VPD could 
be the reason of higher WDEL. For nighttime irrigation events, higher WDEL were 
found in 2010 (Table 5.3), probably due to the higher wind speed. The WDEL for 
daytime irrigation were slightly higher after maize tasseling in one of the years (2009) 
(Table 5.3). In contrast, the WDEL for nighttime irrigation were slightly lower after 
maize tasseling. 
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For the 2009 irrigation season, the average value of SEL for daytime irrigation events 
was four times the SEL for nighttime irrigation events (Table 5.3). However, for the 
2010 irrigation season the average value of SEL for daytime irrigation events was 
only 25% higher than the SEL for nighttime irrigation events (Table 5.3). In terms of 
applied water depth, daytime SEL ranged from 62 mm (2010) to 92 mm (2009), while 
nighttime SEL ranged from 22 mm (2009) to 53 mm (2010). 
The average CU was similar for daytime (83%) and nighttime (84%) irrigation events 
in 2009 (Table 5.3). When considering the seasonal irrigation amounts collected at 
each catch can, the seasonal CU in 2009 was 88% for both daytime and nighttime 
irrigation. However, in 2010 the average CU during daytime irrigation events was 
lower than during nighttime irrigations (Table 5.3) and, similarly, the seasonal CU 
was lower for daytime irrigation (86%) compared to nighttime irrigation (90%). The 
lower CU for daytime irrigation events in 2010 was related to the higher wind speed.  
 
Table 5.3. Average values of wind drift and evaporation losses (WDEL), sprinkler 
evaporation losses (SEL) and uniformity coefficient (CU) for daytime and nighttime 
irrigations for the 2009 and 2010 seasons.  
Irrigation  WDEL SEL CU 
Year No. Daytime Nighttime Daytime Nighttime Daytime Nighttime
  ----------------------------------------%---------------------------------------------
2009 1-7 † 19.9 5.8 17.1 7.2 86 84
 8-22 ‡ 22.8 2.2 20.0 3.5 82 84
 All 21.9  3.3 19.1 4.7 83  84 
    
2010 1-6 † 15.9 11.2 13.1 12.6 78 81
 7-21 ‡ 16.6 8.8 13.8 10.2 78 84
 All 16.4  9.5 13.6 10.9 78  83 
† Before maize tasseling. 
‡ After maize tasseling 
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5.3.2 Maize Growth and Yield 
The interaction of the two factors studied (irrigation time and irrigation water depth) 
was not significant for any of the variables related to maize growth and yield. 
For both years, the plant density at harvest, the percentage of intercepted PAR 
during stages R1 and R5, and the final plant height were not affected by the irrigation 
time nor by the irrigation water depth applied, with the only exception of plant height 
for 2010, which was higher when the irrigation water depth applied was calculated 
considering the SEL (Table 5.4).  
The daytime irrigation significantly decreased maize yield by 9% in 2010 (Table 5.5). 
The 5% yield decrease for daytime irrigation in 2009 was significant at P=0.10. The 
aboveground biomass for daytime irrigation was also lower by 6% both years 
compared to nighttime irrigation (Table 5.5), but this difference was significant only in 
2009. The mean percentage decrease for aboveground biomass with daytime 
irrigation was similar to the mean percentage decrease in yield. The HI was not 
affected by the irrigation time (Table 5.5). Daytime irrigation decreased the number of 
grains per unit area significantly in 2010 and almost significantly in 2009 (P=0.10) 
(Table 5.5). The irrigation time did not affect the kernel mass (Table 5.5). These 
results indicate that the lower maize yield observed for daytime irrigation was due to 
the lower amount of biomass and grains produced as compared with nighttime 
irrigation events. 
Increasing the irrigation water depth applied with the SEL did not increase the maize 
yield, nor the maize aboveground biomass, nor the HI (Table 5.5). Increasing the 
irrigation depth applied with the SEL decreased the number of grains per unit area 
significantly in 2010 (Table 5.5), but the grains were heavier so no difference in yield 
was found. In 2009, the number of grains per unit area and the kernel mass were not 
significantly affected by the irrigation water depth applied. 
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Table 5.4. Plant density at harvest, percentage intercepted photosynthetically active radiation (IPAR) and plant height as affected by 
the irrigation time and irrigation water depth for the 2009 and 2010 experiments. The interaction between the two factors was not 
significant. 
  Plant density IPAR at R1  IPAR at R5  Plant height 
 Factor Levels  2009 2010 July2009 July2010 Aug2009 Sept2010 2009 2010 
   -------Plants ha
-1------- -----------------------------------%------------------------------ --------------m----------- 
Daytime 
 




77,215 a 84,978 a 92.7 a 94.5 a 91.4 a 90.1 a 2.44 a 2.48 a 
CIR† 
 




74,667 a 84,000 a 91.8 a 92.7 a 91.5 a 89.2 a 2.46 a 2.50 b 
† CIR: crop irrigation requirement calculated as ETc-Effective precipitation. 
‡ SEL: sprinkler evaporation losses. 
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Table 5.5. Grain yield (14% moisture content), aboveground biomass, harvest index, grain number per m2 and kernel mass as affected 
by the irrigation time and irrigation water depth for the 2009 and 2010 experiments. The interaction between the two factors was not 
significant. 
Yield Biomass Harvest index Grains per m2 Kernel mass Factor Levels 2009 2010 2009 2010 2009 2010 2009 2010 2009 2010 
   ---------------Mg ha
-1---------------  -------no. ------- -------mg------- 
Daytime 
 




15.0 a¶ 16.5 a 23.9 a 24.3 a 0.54 a 0.56 a 4391 a¶ 4326 a 294 a 328 a 
CIR† 
 




14.5 a 15.5 a 23.0 a 23.1 a 0.54 a 0.56 a 4330 a 4065 b 287 a 328 a 
† CIR: crop irrigation requirement calculated as ETc-Effective precipitation. 
‡ SEL: sprinkler evaporation losses. 









- 113 - 
5.3.3 Soil Matric Potential 
When the irrigation water depth applied did not consider the water losses (CIR 
treatment), the soil matric potential at 0.2 and 0.6 m depth was, in general, greater 
for nighttime irrigation compared to daytime irrigation for both irrigation seasons (Fig 
5.2). Thus, daytime&CIR treatment resulted in lower soil matric potential than 
nighttime&CIR treatment on July and August both years and Sept. 2009 (Table 5.6, 
Figure 5.2). These results were due to the higher water losses for daytime irrigation 
as compared to nighttime irrigation (Table 5.3). In 2009 the soil matric potential for 
daytime irrigation reached values lower than the water stress threshold at mid July 
(0.20 and 0.60 m depth) (Figure 5.2). In 2010 the soil matric potential for daytime 
irrigation reached values lower than the water stress threshold at early July (0.2 m 
depth) and mid July (0.60 m depth) (Figure 5.2).  
Increasing the irrigation water depth applied with the SEL for the daytime irrigation 
increased the soil matric potential at 0.2 m and 0.6 m depth both years (Figure 5.2). 
Thus, daytime&CIR+SELdaytime treatment showed higher soil matric potential than 
daytime&CIR treatment during all the 2009 season and during July and August 2010 
(Table 5.6, Figure 5.2). In general, this increased water depth applied delayed the 
soil matric to surpass the water stress threshold until late August (Figure 5.2). 
Increasing the irrigation depth applied with the SEL for the nighttime irrigation slightly 
increased the soil matric potential at 0.2 m and 0.6 m depth both years (Figure 5.2). 
Given that in 2009 only 17 mm additional irrigation was applied, no significant 
differences were found for the soil matric potential between the 
nighttime&CIR+SELnighttime and nighttime&CIR treatments (Table 5.6). However, in 
2010 the additional water applied was 58 mm, which resulted in higher soil matric 
potential at the nighttime&CIR+SELnighttime treatment on July (Table 5.6). In general, 
this increased water depth applied delayed the soil matric potential to surpass the 
water stress threshold until late August (Figure 5.2). 
In general, no difference in soil matric potential was found between daytime and 
nighttime irrigation when the irrigation water depth applied was increased with the 
SEL (Table 5.6).  
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Figure 5.2. Weekly average values of soil matric potential at 0.2 and 0.6 m depth for 
the different irrigation time & irrigation water depth treatments in the 2009 and 
2010 experiments. CIR: crop irrigation requirement. SEL: sprinkler evaporation 
losses. Each value is the average from four probes: two probes installed within the 
plant row, and another two probes installed halfway between two plant rows. The 
dashed line indicates the soil matric potential that can cause water stress in maize 
for the soil at this experiment location. 
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Table 5.6. Average difference between the daily values of soil matric potential (mean of 0.20 and 0.60 m depth) recorded at the 
different irrigation time-irrigation water depth treatments during the months of 2009 and 2010.  
  Average difference of soil matric potential 
  2009 2010 
Treatments compared June July Aug. Sept. June July Aug. Sept. 
 ------------------------------------------------------------------MPa---------------------------------------------------- 
Daytime&CIR† -  
      Nighttime&CIR 
 
-0.006 ns -0.034 s -0.037 s -0.015 s -0.002 ns -0.011 s -0.024 s -0.004 ns 
Daytime&CIR+SELdaytime – 
      Nighttime&CIR+SELnighttime‡ 
 
0.004 ns 0.000 ns 0.005 ns 0.021 s 0.003 ns -0.001 ns -0.007 ns -0.010 ns 
Daytime&CIR – 
      Daytime&CIR+SELdaytime 
 
-0.008  s -0.026 s -0.047 s -0.048 s -0.007 ns -0.022 s -0.018 s -0.003 ns 
Nighttime&CIR – 
      Nighttime&CIR+SELnighttime 
 
0.002 ns 0.008 ns -0.005 ns -0.012 ns -0.002 ns -0.013 s -0.001 ns -0.009 ns 
† CIR: crop irrigation requirement calculated as ETc-Effective precipitation. 
‡ SEL: sprinkler evaporation losses. 
s For each year, month and treatments compared, the daily values are different according to a paired t test at the 0.05 level. 
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5.4 Discussion 
Sprinkler irrigation during daytime resulted in higher WDEL both years and lower CU 
in one year compared with nighttime irrigation, as found by others (Playán et al., 
2005; Cavero et al., 2008). Daytime irrigation trebled the WDEL (from 6% for 
nighttime irrigation to 19% for daytime irrigation) and in one of the years decreased 
the mean CU by 5% and the seasonal CU by 4%. The consequence of both these 
negative effects was a significant 9% decrease for maize yield with daytime irrigation 
the year with a lower CU for daytime irrigation. However, a reduction of only 5% on 
yield (significant at P= 0.10) was found the year when the CU was similar at daytime 
and nighttime irrigation.  
In a previous study at the same site, the same sprinkler irrigation system and crop 
variety, Cavero et al. (2008) reported higher water losses (21% of applied water), 
lower CU (76%) and a decrease of 10% in maize yield for daytime irrigation 
compared to nighttime irrigation. These authors suggested that the lower crop yield 
for daytime irrigations could be due to the higher water losses and/or the lower CU. 
Our study showed that the addition of the sprinkler evaporation losses (14 to 19% of 
daytime irrigation depth and 5 to 11% of nighttime irrigation depth) did not increase 
the maize grain yield. This result and the abovementioned fact that the decrease of 
maize yield with daytime irrigation was only significant at P=0.05 the year that the CU 
was decreased, suggest that the main reason of the lower maize yield with daytime 
irrigation is the lower CU. In this sense, Colaizzi et al. (2011) reported no significant 
differences in maize yields between three irrigation systems, mid-elevation spray 
application, low elevation spray application and subsurface drip irrigation (SDI), for 
an irrigation dose of 100% CIR for two irrigation seasons despite the different 
application water loses generated (none in the case of SDI). Several authors have 
found that a decrease in irrigation uniformity can result in a decrease on yield (Stern 
and Bresler, 1983; Mantovani et al., 1995; Bruckler et al., 2000) and that the yield 
decrease can be different from year to year (Salmeron et al., 2012). In a modeling 
study, Ruelle et al. (2003) found an increase of 2% in CU when sprinkler irrigation 
with a travelling rain gun system was done at night but the maize yield did not 
increase. In our experiment the difference in CU was 4% (seasonal) to 5% (average) 
for a significant reduction in yield. 
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Daytime irrigation reduced the grain number per unit area as compared to nighttime 
irrigation significantly in 2010 which indicates that some water stress occurred 
around tasseling (mid July). This agrees with the lower values of soil matric potential 
during this period and the lower CU for daytime irrigation. However, the measured 
values of plant height and of interception of PAR at tasseling and afterward indicate 
that plant canopy growth was not affected by the irrigation time.  
Increasing the irrigation water applied with the calculated sprinkler evaporation 
losses resulted in higher soil matric potential for both daytime and nighttime irrigation 
but, as indicated, did not increase yield. The only significant effect of the increased 
water application was the taller plants in 2010. This could be related with the fact that 
this year the soil matric potential on July was higher for both daytime and nighttime 
irrigation when the applied water was increased with the sprinkler water losses, while 
in 2009 the low sprinkler evaporation losses applied at nighttime (5% of irrigation 
depth) probably precluded any increase of the soil matric potential. The soil matric 
potential was measured on each irrigation sector at four locations and two depths. 
However, all the area of each irrigation sector (324 m2) was harvested for grain yield. 
Thus, the soil matric potential data gives an indication of the soil water status but do 
not integrate the effect of irrigation in all the area of the irrigated sector. This could be 
the reason why although the soil matric was increased due to the increased water 
application, the yield harvested in all the area did not increased accordingly. 
Our field results confirm that irrigation time of maize with a solid-set sprinkler system 
is relevant for maize growth and yield. In terms of plant production any increase of 
plant photosynthesis should be considered positive. In this sense, positive maize 
physiological changes such as increased leaf water potential have been found with 
sprinkler irrigation during daytime (Cavero et al., 2009). However, the decrease of 
canopy temperature with sprinkler irrigation during daytime (Saadia et al., 1996; 
Cavero et al., 2009) can be positive or negative for maize photosynthesis (Mahan et 
al., 1995; Wanjura and Upchurch, 2000). Our results indicate that the positive plant 
physiological changes during daytime sprinkler irrigation cannot compensate the 
negative effects caused by increased water losses and reduced irrigation uniformity. 
Capítulo 5 
- 118 - 
5.5 Conclusions 
? Irrigation time of maize with a solid-set sprinkler system is relevant for maize 
growth and yield because daytime irrigation decreased the maize yield 
between 5 and 9%. 
? Sprinkler irrigation during daytime resulted in greater WDEL (between 21.9 
and 16.4% of applied water) than nighttime irrigation (between 3.3 and 9.5% 
of applied water). 
? For 2009 the average CU was similar between daytime (83%) and nighttime 
(84%) irrigations, but 2010 was a windy year and therefore the average CU for 
daytime irrigations (78%) was less than for nighttime irrigations (83%). 
? Increasing the water applied with the calculated sprinkler evaporation losses 
increased the soil water content but did not increase the maize yield. 
? The lower irrigation uniformity at daytime irrigation seems to be a relevant 
reason of yield reduction with daytime sprinkler irrigation. 
? Solid-set sprinkler systems for maize irrigation should be designed to minimize 
daytime irrigation and to allow a high daytime irrigation uniformity (>84%). 
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Capítulo 6. DISCUSIÓN GENERAL. 
En este capítulo se discuten los principales hallazgos obtenidos tras desarrollar los 
temas tratados en los diferentes capítulos que componen esta tesis. 
En los capítulos 2 y 3 se han estudiado la magnitud y duración de los cambios 
microclimáticos y fisiológicos que se producen, antes, durante y después de cada 
evento de riego por aspersión con pívot central en una parcela de maíz y que 
consecuencias tienen los mismos en cuanto a la eficiencia de aplicación del agua de 
riego. Se consideró un evento de riego al periodo durante el cual el pívot pasaba y 
regaba sobre un transecto AC (tratamiento riego, MT). Las medidas realizadas 
simultáneamente en una zona D donde el riego se efectuó al menos 8 h antes 
constituyeron el tratamiento no riego (DT). La magnitud de los cambios 
microclimáticos en el tratamiento MT fue bastante similar en los distintos tramos, y 
por lo tanto independiente del tiempo durante el que cada tramo se estuvo regando. 
El hecho de que no existieran diferencias sustanciales en la magnitud de los 
cambios microclimáticos probablemente fue debido a que la dosis de agua de riego 
aplicada fueron similares (≈ 13 mm), como era de esperar en un pívot bien diseñado. 
En lo referente a los cambios fisiológicos, la magnitud de los cambios fue mayor en 
los tramos más alejados del centro (tramos 4 y 5) que en el tramo más cercano al 
centro (tramo 2). En el caso de la transpiración, la magnitud del cambio fue 
ligeramente mayor en los tramos 4 y 5 (descenso del 36%) que en el tramo 2 
(descenso del 30%). En el caso de la temperatura de la cubierta vegetal, el 
descenso promedio fue bastante mayor en el tramo 4 (3,8 ºC) comparado con el 
tramo 2 (3,1 ºC), debido a que la pluviometría instantánea (mm hora-1) fue mucho 
mayor en el tramo 4 que en el tramo 2. Ello supuso una mayor refrigeración de la 
planta y por lo tanto un mayor descenso de la temperatura vegetal (Cavero et al. 
2009). 
En términos relativos, los descensos de déficit de presión de vapor (VPD) y 
transpiración fueron bastante más grandes (4 a 5 veces más) que los de 
temperatura del aire y temperatura vegetal. Esto se debió a que los descensos de 
temperatura del aire y temperatura vegetal fueron ocasionados por efecto indirecto 
de la evaporación de parte del agua aplicada y de la refrigeración de la planta. Sin 
embargo, el efecto principal de la evaporación del agua de riego fue evidentemente 
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el aumento de la humedad relativa y por lo tanto la disminución del VPD. Esta 
disminución del VPD supuso una disminución de la demanda evaporativa y 
consecuentemente una reducción de la transpiración (Tolk et al. 1995; Martínez-Cob 
et al. 2008; Cavero et al. 2009). La reducción de la transpiración durante el riego por 
aspersión fue mayor cuanto mayor fue la reducción del VPD. 
En contra de lo publicado en otros trabajos previos en riego por aspersión, en este 
estudio se observó una disminución de la transpiración un poco antes del inicio del 
evento de riego (paso del pívot central por el transecto AC). Asimismo, antes de que 
el pívot llegara y regara al transecto AC, ya se producía un cierto cambio 
microclimático (descenso del VPD) debido al riego de las zonas vecinas al transecto 
AC, dicho tiempo fue variable dependiendo de factores tales como la velocidad y 
dirección del viento. En este sentido, Monteith y Unsworth (2008) indican que los 
valores registrados en una determinada estación meteorológica se ven influenciados 
por el tipo y características de la vegetación que está en una distancia de alrededor 
de 100 veces la altura de medida, fundamentalmente, en la dirección de donde 
proviene el viento. Por ello, es esperable que los cambios microclimáticos y 
fisiológicos inducidos por el riego continuo de la parcela con el pívot se detectaran 
en el transecto AC antes de que el agua de riego llegue al mismo. Esta influencia del 
riego de zonas adyacentes también se produjo lógicamente después del riego. 
El descenso de la transpiración antes y durante el riego generó un descenso de la 
evapotranspiración (ET) del cultivo. El descenso de la ET antes y durante el riego 
estuvo entre el 1,3 y 2,3% (en la zona más cercana al centro del pivot) del agua 
aplicada. Considerando que la reducción de la ET compensa parcialmente las 
pérdidas brutas por evaporación y arrastre WDELg (Martínez-Cob et al., 2008), éstas 
disminuyeron desde un rango del 10 al 13% del agua aplicada a un rango de 
pérdidas netas por evaporación y arrastre (WDELn) del 9 a 11%. Después del riego, 
la reducción de la transpiración continuó entre 1,8 y 2,6 horas más. Esto 
probablemente se debió a que los cambios microclimáticos disminuyeron la 
demanda evaporativa de la atmósfera y por tanto se redujo el transporte de vapor de 
agua hacia la atmósfera a través de los estomas después del riego. Asimismo, tras 
el riego las plantas quedan mojadas lo que disminuyó su transpiración. La 
evaporación de esta agua que mojaba las plantas constituyó las pérdidas por 
interceptación brutas ILg las cuales dependen en gran parte de la arquitectura del 
cultivo (Norman y Campbell 1983; Steiner et al. 1983a). Al igual que durante el riego, 
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la disminución de la transpiración después del riego también se descontó de las ILg y 
se determinaron las pérdidas por intercepción netas (ILn), estimadas en 0,3 mm (2% 
del agua aplicada) en cada evento de riego (Martínez-Cob et al. 2008). Este valor 
fue utilizado para determinar finalmente las pérdidas de agua netas del sistema de 
aspersión (SELn) en el pívot central, las cuales oscilaron entre 11 al 13% del agua 
aplicada. Como se puede observar, las WDELg fueron muy similares a las SELn. Por 
tanto, las WDELg medidas en campo fueron una buena estima de las pérdidas de 
agua netas totales.  
En referencia a la eficiencia de aplicación del agua de riego, la reducción de la ET es 
positiva porque representa una reducción de las pérdidas de agua durante el riego. 
Por otra parte, el descenso de la temperatura de la cubierta vegetal del maíz (mayor 
en las zonas con alta pluviometría) podría ser positivo o negativo dependiendo de su 
efecto sobre la fotosíntesis. 
En el capítulo 4 se midió la fotosíntesis del maíz y la alfalfa durante el día en dos 
parcelas al mismo tiempo: una se estaba regando por aspersión y la otra no. Se 
utilizaron dos cámaras automáticas conectadas a dos analizadores de CO2 por 
infrarrojos (IRGA). Se midió la temperatura del aire dentro y fuera de la cámara así 
como la radiación incidente. Durante el riego, el descenso medio de la temperatura 
del aire fue de 1,5 ºC (maíz) y 1,7 ºC (alfalfa) y el descenso medio del VPD fue de 
0,13 KPa (maíz) y 0,17 KPa (alfalfa), por tanto, los cambios microclimáticos debidos 
al riego por aspersión fueron similares entre el maíz y la alfalfa. Estos cambios 
microclimáticos causan cambios fisiológicos en el cultivo como lo es el descenso de 
la temperatura de la cubierta  vegetal (Steiner et al., 1983b; Tolk et al., 1995; Saadia 
et al. 1996; Cavero et al. 2009; Liu and Kang 2006a and 2006b) el cual fue también 
similar entre el maíz (5,1 ºC) y la alfalfa (5,9 ºC). Asimismo, en trabajos precedentes 
se observó un aumento del potencial hídrico de las hojas (Cavero et al., 2009; 
Howell et al., 1971). Estos cambios pueden resultar en un aumento o una 
disminución de la fotosíntesis. 
El efecto del riego por aspersión sobre la fotosíntesis en condiciones de campo fue 
muy diferente en el maíz y la alfalfa. En el maíz durante el riego por aspersión la 
fotosíntesis neta disminuyó de forma significativa en 8 de 10 días analizados. Así, 
para el total de días analizados la fotosíntesis neta del maíz disminuyó un 19% en 
promedio y esta reducción continuó tanto 1 (10%) como 2 (16%) horas después del 
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riego por aspersión. Sin embargo, el riego por aspersión de la alfalfa aumentó la 
fotosíntesis en 5 días, disminuyó la fotosíntesis en dos días y no afectó a la 
fotosíntesis en 7 días. En promedio, la fotosíntesis neta no se vio afectada por el 
riego durante el mismo pero se incrementó en un 11% en las 2 horas después del 
riego. 
Se observó que las menores tasas de fotosíntesis del maíz estuvieron relacionadas 
con las menores temperaturas observadas en el tratamiento regado. Este resultado 
se debió posiblemente al hecho de que estas temperaturas estaban por debajo de la 
temperatura óptima (28 ºC) establecida para el maíz (Wanjura and Upchurch, 2000; 
Labate et al., 1991). Sin embargo, las tasas de fotosíntesis de la alfalfa no se vieron 
afectadas por el descenso de la temperatura durante el riego posiblemente porque 
ambos tratamientos (regado y no regado) presentaron temperaturas que están 
dentro del rango óptimo de temperaturas (20-30 ºC) establecido para la fotosíntesis 
de la alfalfa (Chatterton and Carlson, 1981; Brown and Radcliffe, 1986; Al-Hamdani 
and Todd 1990; Ziska and Bunce, 1994)  
La mojabilidad de las hojas se determinó midiendo el ángulo de contacto entre la 
gota y la superficie de la hoja y los resultados indicaron que las hojas del maíz son 
hojas mojables (θ < 90º) mientras que las hojas de la alfalfa no son mojables (θ > 
120º). Hanba et al. (2004) observaron que regando con agua pulverizada las hojas 
de una especie mojable (judía: Phaseolus vulgaris L.) descendió la fotosíntesis 
mientras que regando las hojas de una especie no mojable (guisante: Pisum sativum 
L.) aumentó la fotosíntesis. Este comportamiento diferente está relacionado con la 
presencia de una barrera para la absorción de CO2 causada por la capa de agua de 
riego que cubre las hojas mojables, mientras que las hojas no mojables carecen de 
esta barrera y, sin embargo, se benefician de una mayor humedad ambiental (y 
posiblemente del potencial hídrico) que aumenta la absorción de CO2. La respuesta 
fotosintética del maíz y la alfalfa estuvo de acuerdo con la mojabilidad de sus hojas y 
los resultados de Hanba et al. (2004). 
La reducción de la fotosíntesis del maíz durante el riego por aspersión está 
relacionada con la alta mojabilidad de las hojas y la reducción de la temperatura de 
la cubierta vegetal. En cambio, la baja mojabilidad de las hojas de alfalfa y una 
temperatura adecuada de la cubierta vegetal hace que el agua de riego no afecte 
negativamente a la fotosíntesis de la alfalfa. Es más, la disminución del VPD (y el 
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aumento del potencial hídrico medido en otras especies) durante el riego resultaron 
en un ligero incremento (P= 0,05) de la fotosíntesis en algunos días. Estos 
resultados indican que en el cultivo del maíz es conveniente minimizar el riego por 
aspersión diurno ya que la fotosíntesis se ve afectada de forma negativa y esto 
puede suponer un descenso del rendimiento. Sin embargo, la alfalfa puede ser 
regada durante el día ya que la fotosíntesis se ve afectada positivamente. 
Debido a que la velocidad del viento es mayor durante el día, el riego por aspersión 
diurno presenta desventajas respecto al nocturno: un menor coeficiente de 
uniformidad (CU) y unas mayores pérdidas por evaporación y arrastre (WDEL). En el 
trabajo realizado por Cavero et al. (2008) se encontró que el rendimiento del maíz 
con riego diurno fue un 10% menor que el rendimiento obtenido con riegos nocturno, 
pero estos autores no pudieron discernir si la disminución en el rendimiento del maíz 
regado de día se debió a las mayores WDEL o al menor CU. En el capítulo 5 se 
evaluó la relevancia del momento de riego (diurno y nocturno) y del agua aplicada 
(necesidades de riego considerando o no las pérdidas) sobre el rendimiento y 
crecimiento del maíz (medidas de altura de planta y radiación interceptada) durante 
dos años, tratando de determinar qué afectaba más el rendimiento del maíz con 
riego diurno, si las mayores WDEL o el menor CU.  
El riego por aspersión diurno dio lugar a mayores WDEL en ambos años y menor CU 
en un año en comparación con el riego por aspersión nocturno, al igual que se había 
visto en otros trabajos (Playán et al., 2005; Cavero et al., 2008). La consecuencia de 
ambos efectos negativos fue una disminución significativa del rendimiento del maíz 
de un 9% con el riego diurno el año con un menor CU en el riego diurno. Sin 
embargo, la reducción del rendimiento solo fue del 5% (P= 0,10) el año en el que el 
CU fue similar en el riego diurno y nocturno. Para ambos años de ensayo, cuando se 
adicionaron las pérdidas (14 al 19% del riego aplicado de día y 5 al 11% del riego 
aplicado de noche) se incrementó el potencial mátrico del suelo pero no aumentó el 
rendimiento del maíz. Este resultado junto con el hecho de que solamente se 
produjo una disminución significativa del rendimiento el año que el riego diurno fue 
menos uniforme que el nocturno sugieren que la principal razón del menor 
rendimiento cuando se riega de día es el menor CU.  
Los resultados experimentales de campo indican que en un sistema de aspersión 
con cobertura total el momento del riego es muy importante para el crecimiento y 
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rendimiento del maíz. En esta especie, los cambios microclimáticos y fisiológicos 
positivos provocados por el riego por aspersión diurno (disminución del VPD y 
aumento del potencial hídrico de las hojas (Cavero et al., 2009)) no pueden 
compensar los efectos negativos causados por unas mayores pérdidas de agua, una 
menor uniformidad del riego y la disminución de la fotosíntesis. Debido a estos dos 
últimos factores tampoco el añadir el agua perdida durante el riego diurno puede 
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Capítulo 7. CONCLUSIONES GENERALES. 
En el pívot central dotado con aspersores de impacto se observaron cambios 
microclimáticos [(descenso de la temperatura del aire y del déficit de presión de 
vapor (VPD)] y fisiológicos (descenso de la temperatura de la cubierta vegetal y de la 
transpiración) debidos al riego por aspersión desde algún tiempo antes (entre 0,6 y 
2,1 h), durante el mojado de las plantas por el agua de riego y algún tiempo después 
(entre 0,8 y 2,4 h) de los eventos de riego. La existencia de cambios microclimáticos 
y fisiológicos antes del riego no se había descrito anteriormente y se debió a la 
aproximación del brazo del pivot. Durante el riego en el pívot central se redujo la 
temperatura del aire (1,8-2,1 ºC), el VPD (0,53-0,61 kPa), la temperatura de la 
cubierta vegetal (3,1-3,8 ºC) y la transpiración del maíz (0,22-0,28 mm h-1), siendo 
mayor la reducción en los días más secos y calurosos.  
La duración total de los cambios microclimáticos disminuyó con la distancia hasta el 
centro del pívot pero la duración de los cambios fisiológicos fue similar en los 
diferentes tramos del brazo del pívot. 
El descenso de la transpiración de las plantas de maíz antes y durante el riego con 
pívot central es positivo ya que supone un descenso de la evapotranspiración (ET) 
del cultivo, entre 1,3 y 2,3% del agua aplicada. Considerando esta reducción, las 
pérdidas netas del sistema de aspersión (SELn) en el pívot central oscilaron entre el 
11 y el 13% del agua de riego aplicada, valores similares a los de pérdidas brutas 
por evaporación y arrastre (WDELg). Por tanto, en pívots centrales con aspersores 
de impacto las WDELg, fácilmente medibles, son una estimación fiable de las 
pérdidas netas del sistema de riego.  
Las pérdidas netas del sistema de aspersión con pívot central y aspersores de 
impacto durante el riego diurno del maíz resultaron ser menores que las encontradas 
con sistemas de cobertura fija en otros trabajos realizados anteriormente (14-17% 
del agua aplicada), por lo que el pívot central es más eficiente.  
El riego por aspersión diurno con un sistema de cobertura fija en dos cultivos de 
maíz y alfalfa redujo de forma similar la temperatura del aire, el VPD y la 
temperatura de la cubierta vegetal, pero afectó de forma distinta a la fotosíntesis 
neta de ambos cultivos  
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Durante el riego por aspersión la fotosíntesis neta del maíz disminuyó en el 80% de 
los días siendo la reducción media del 19%. Sin embargo, durante el riego por 
aspersión la fotosíntesis neta de la alfalfa aumentó en el 36% de los días y 
disminuyó en el 14% de los días; y en el resto de los días (50 %), la fotosíntesis neta 
de la alfalfa no se vio afectada por el riego. En las horas posteriores al riego, la 
fotosíntesis neta del maíz disminuyó ligeramente (-10 a -16%) y la de la alfalfa 
aumentó ligeramente (+11%). 
La respuesta diferencial de la fotosíntesis neta de ambas especies al riego por 
aspersión se debió a dos factores: a) mojabilidad de las hojas y b) efecto de la 
temperatura sobre la fotosíntesis. La medida del ángulo de contacto (θ) del agua 
sobre las hojas mostró que éstas son mojables (θ < 90º) en el maíz mientras que no 
lo son (θ > 120º) en la alfalfa; por tanto, la capa de agua que cubría las hojas de 
maíz redujo el intercambio de CO2 mientras que la baja mojabilidad de las hojas de 
alfalfa evitó que el agua de riego interfiriera con dicho intercambio. La temperatura 
de la cubierta vegetal disminuyó durante el riego hasta valores subóptimos para la 
fotosíntesis del maíz mientras que en el caso de la alfalfa su amplio rango de 
temperatura óptima para la fotosíntesis evitó que esta variable se viera afectada 
negativamente por el riego. 
En nuestras condiciones de suelo y clima la reducción del rendimiento del maíz con 
riego por aspersión diurno (5-9% en nuestro trabajo; 7-13% en trabajos anteriores) 
en comparación con riego por aspersión nocturno estuvo más relacionada con la 
menor uniformidad del riego diurno que con las mayores pérdidas de agua en el 
riego diurno. Así, aumentar la dosis de riego con las WDELg medidas aumentó el 
contenido de agua en el suelo pero no aumentó el rendimiento del maíz.  
Los sistemas de aspersión de cobertura fija para el riego del maíz deben diseñarse 
para minimizar el riego diurno y permitir una alta uniformidad del riego diurno 
(>84%).  
El efecto ligeramente positivo del riego por aspersión sobre la fotosíntesis de la 
alfalfa indica que en aquellos casos en los que se puede elegir se debe priorizar el 
riego diurno de esta especie frente al maíz, pero deberán realizarse trabajos 




- 127 - 
Capítulo 8. REFERENCIAS.  
Al-Hamdani, S., and Todd, G.W. 1990. Effect of temperature regimes on 
photosynthesis, respiration, and growth in Alfalfa. Proceedings of the Oklahoma 
Academy of Science, 70: 1-4. 
Allen, R.G., Pruitt, W.O., Businger, J.A., Fritschen, L.J., Jensen, M.E., and 
Quinn, F.H. 1996. Evaporation and transpiration. Hydrology Handbook (Manuals and 
Reports on Engineering Practice No. 28). American Society of Civil Engineers 
(ASCE), New York, USA. 768 pp.  
Allen, R.G., Pereira, L.S., Raes, D., and Smith, M. 1998. Crop 
evapotranspiration: guidelines for computing crop water requirements. Irrigation and 
Drainage Paper 56. FAO, Roma, Italia. 300 pp. 
Allen, R.G., Keller, J., and Martin, D. 2000. Center pivot system design. The 
Irrigation Association VA, USA. 300 p.  
Baker, J.M., and Van Bavel, C.H.M. 1987. Measurement of mass flow of water 
in the stems of herbaceous plants. Plant Cell Environment, 10: 777-782. 
Beadle, C.L., Stevenson, K.R., Neumann, H.H., Thurtell, G.W., and King, H.M. 
1973. Diffusive resistance, transpiration and photosynthesis in single leaves of corn 
and soybean in relation to leaf water potential. Canadian Journal of Plant Science, 
53: 537-544. 
Berry, J.A., and Björkman, O. 1980. Photosynthetic response and adaptation 
to temperature in higher plants. Annual Review of Plant Physiology; 31:491–543.  
Boyer, J.S., 1970a. Leaf enlargement and metabolic rates in corn, soybean 
and sunflower at various leaf water potentials. Plant Physiology, 46: 233-235. 
Boyer, J.S. 1970b. Differing sensitivity of photosynthesis to low leaf water 
potentials in corn and soybean. Plant Physiology, 46:236-239. 
Brewer, C.A., and Smith, W.K. 1995. Leaf surface wetness and gas exchange 
in the pond lily Nuphar polysepalum (Nymphaeaceae). American Journal of Botany, 
82: 1271–1277. 
Brewer, C.A., and Smith, W.K. 1997. Patterns of leaf surface wetness for 
montane and subalpine plants. Plant, Cell and Environment, 20: 1–11. 
Capítulo 8 
 
- 128 - 
Brewer, C.A., Smith, W.K., and Vogelmann, T.C. 1991. Functional interaction 
between leaf trichomes, leaf wettaability and the optical properties of water droplets. 
Plant, Cell and Environment, 14: 955–962. 
Brown, R.H., and Radcliffe, D.E. 1986. A comparison of apparent 
photosynthesis in Sericea lespedeza and alfalfa. Crop Science, 26:1208-1211. 
Bruckler, L., Lafolie, F., Ruy, S., Granier, J., and Baudequin, D. 2000. 
Modeling the agricultural and environmental consequences of non-uniform irrigation 
on a corn crop. 1. Water balance and yield. Agronomie, 20:609-624. 
Bunce, J.A. 1990a. Afternoon inhibition of photosynthesis in maize. 1. 
Evidence, and relationship to stand density. Field Crops Research, 24: 251-260. 
Bunce, J.A. 1990b. Afternoon inhibition of photosynthesis in maize. 2. 
Environmental causes and physiological symptoms. Field Crops Research, 24: 261-
271. 
Cavero, J., Zaragoza, C., Suso, M.L., and Pardo, A. 1999. Competition 
between maize and Datura stramonium in an irrigated field under semi-arid 
conditions. Weed Research, 39: 225-240. 
Cavero, J., Zaragoza, C., Bastiaans, L., Suso, M.L., and Pardo, A. 2000. The 
relevance of morphological plasticity in the simulation of competition between maize 
and Datura stramonium. Weed Research, 40: 163-180. 
Cavero, J., Jiménez, L., Puig, M., Faci, J.M., and Martínez-Cob, A. 2008. 
Maize growth and yield under daytime and nighttime solid-set sprinkler irrigation. 
Agronomy Journal, 100:1573-1579. 
Cavero, J., Medina, E.T., Puig, M., and Martínez-Cob, A. 2009. Sprinkler 
irrigation changes maize canopy microclimate and crop water status, transpiration, 
and temperature. Agronomy Journal, 101: 854-864. 
Chatterton N.J., and Carlson, G.E. 1981. Growth and photosynthate 
partitioning in alfalfa under eight temperature-photosynthetic period combinations. 
Agronomy Journal, 73:392-394  
Christiansen, J.E. 1942. Irrigation by sprinkling. Bulletin No. 670, California 
Agricultural Experiment Station, Sacramento, CA, 124p. 
Capítulo 8 
 
- 129 - 
Colaizzi, P.D., Evett, S.R., and Howell, T.A. 2011. Corn production with spray, 
LEPA, and SDI. Proceedings of the 23rd Annual Central Plains Irrigation Conference, 
Burlington, CO., February 22-23, 2011. Available from Central Plains Irrigation 
Association (CPIA), 760 N. Thompson, Colby, Kansas, USA. 
Dastane, N.G. 1978. Effective rainfall in irrigated agriculture. Irrigation and 
Drainage Paper 25. FAO, Rome. 
Dechmi, F., Playán, E., Cavero, J., Faci, J.M., and Martínez-Cob, A. 2003. 
Wind effects on solid set sprinkler irrigation depth and yield of maize (Zea mays L.). 
Irrigation Science, 22: 67-77. 
Dechmi, F., Playán, E., Cavero, J., Martínez-Cob, A., and Faci, J. 2004. 
Coupled crop and solid set sprinkler simulation model. II: Model application. Journal 
of Irrigation and Drainage Engineering, 130: 510-519. 
Doorenbos, J., and Pruitt, W.O. 1977. Crop water requirements. Irrigation and 
Drainage Paper 24. FAO, Rome. 
Dylla, A.S., and Shull, H. 1983. Estimating losses from a rotating-boom 
sprinkler. Transactions of the ASAE, 26:123–125. 
Evans, R. 1999. Center pivot irrigation. Washington State University, 
Biological System Engineering Department. 22p. 
Evans, R.G. 2001. Center pivot irrigation. Research Report, USDA-Agricultural 
Research Service. Sidney, MT, USA. 
Edwards, G., and Walker, D. 1983. C3, C4: Mechanisms and cellular and 
environmental regulation of photosynthesis. Berkeley: University of California. 
Faci, J.M., and Bercero, A. 1991. Efecto del viento en la uniformidad y en las 
pérdidas por evaporación y arrastre en el riego por aspersión. Investigación agraria. 
Producción y protección vegetales, 6: 171–182. 
Faci, J.M., Playán, E., Zapata, N., Martínez Cob, A., y Dechmi, F. 2006. El 
viento y el riego por aspersión en los regadíos de Aragón. Surcos de Aragón, 96: 24-
31. 
Farahani, H.J., and Bausch, W.C. 1995. Performance of evapotranspiration 




- 130 - 
Frost, K.R., and Schwalen, H.C. 1955. Sprinkler evaporation losses. 
Agricultural Engineering, 36: 526–528. 
Frost, K.R., and Schwalen, H.C. 1960. Evapotranspiration during sprinkler 
irrigation. Transactions of the ASAE, 3: 18-20, 24. 
García Vera, M.A., and Martínez-Cob, A. 2004. Revisión de las necesidades 
hídricas netas de los cultivos de la Cuenca del Ebro. Zaragoza, Confederación 
Hidrográfica del Ebro, 2004. Informe. Trabajo de consultoría y asistencia - Convenio 
Colaboración CSIC-CHE. 8 vols. 
Hanba, Y:T., Moriya, A., and Kimura, K. 2004. Effect of leaf surface wetness 
and wettabilitiy on photosynthesis in bean and pea. Plant, Cell and Environment, 27: 
413-421.  
Hirasawa, T., and Hsiao, T.C. 1999. Some characteristics of reduced leaf 
photosynthesis at midday in maize growing in the field. Field Crops Research, 62: 
53-62. 
Howell, T.A., Hiler, E.A., and van Bavel, C.H.M. 1971. Crop response to mist 
irrigation. Transactions of the ASAE, 14: 906-910. 
Hsiao, T.C., 1990. Plant-atmosphere interactions, evapotranspiration, and 
irrigation scheduling. Acta Horticulturae, 278: 55-66. 
Huck, M.G., Ishihara, K., Peterson, C.M., and Ushijima, T. 1983. Soybean 
adaptation to water stress at selected stages of growth. Plant Physiology, 73: 422-
427. 
Kincaid, D.C., Solomon, K.H., and Oliphant, J.C. 1996. Drop size distributions 
for irrigation sprinklers. Transactions of the ASAE, 39: 839-845. 
Kiniry, J.R. 1991. Maize Phasic Development. In: Hanks J., Ritchie J.T. (eds) 
Modeling plant and soil systems. Series Agronomy No 31. American Society of 
Agronomy, Crop Science Society of America, Soil Science Society of America. J., 
Madison, pp 55–70. 
Kjelgaard, J.F., Stockle, C.O., Villar, J.M., Evans, R.G., and Campbell, G.S. 
1994. Evaluating methods to estimate corn evapotranspiration from short-time 
interval weather data. Transactions of the ASAE, 37:1825-1833. 
Capítulo 8 
 
- 131 - 
Kohl, R.A., and Wright, J.L. 1974. Air temperature and vapor-pressure 
changes caused by sprinkler irrigation. Agronomy Journal, 66: 85-88. 
Kraus, J.H. 1966. Application efficiency of sprinkler irrigation and its effects on 
microclimate. Transactions of the ASAE, 9: 642-645. 
Labate, C.A., Adcock, M.D., and Leegood, R.C. 1991. Effects of temperature 
on the regulation of photosynthetic carbon assimilation in leaves of maize and barley. 
Planta, 181:547–554. 
Liu, H.J., and Kang, Y.H. 2006a. Effect of sprinkler irrigation on microclimate in 
the winter wheat field in the North China Plain. Agricultural Water Management, 84: 
3-19. 
Liu, H.J., and Kang, Y.H. 2006b. Regulating field microclimate using sprinkler 
misting under hot-dry windy conditions. Biosystem Engineering, 95: 349-358. 
MAGRAMA. 2010. Estrategia Nacional para la Modernización Sostenible de 
los Regadíos H2015. Informe de sostenibilidad ambiental. Ministerio de Agricultura 
Pesca y Alimentación. Madrid, España.191. http://www.magrama.gob.es/es/calidad-
y-evaluacion-ambiental/participacion-
publica/2isa_eae_enmsrh2015_210710_parte1_tcm7-111305.pdf. Consultado el 21 
de septiembre de 2012. 
MAGRAMA. 2011. Encuesta sobre Superficies y Rendimientos de Cultivos: 
Resultados 2011 (ESYRCE). Ministerio de Agricultura Pesca y Alimentación. Madrid, 
España.178p.http://www.magrama.gob.es/es/estadistica/temas/estadisticas-
agrarias/boletinweb2011_corregido_tcm7-213919.pdf. Consultado el 22 de agosto 
de 2012. 
Mahan, J.R., McMicheal, B.L., and Wanjura, D.F. 1995. Methods for reducing 
the adverse effects of temperature stress on plants: A review. Environmental and 
Experimental Botany, 35: 251–258. 
Mantovani, E.C., Villalobos, F.J., Orgaz, F., and Fereres, E. 1995. Modelling 
the effects of sprinkler irrigation uniformity on crop yield. Agricultural Water 
Management, 27:243–257. 
MAPA. 2009. Perfil ambiental de España. Encuesta sobre Superficies y 
Rendimientos de Cultivos del año 2009 (ESYRCE). Ministerio de Agricultura Pesca y 
Alimentación. Madrid, España. 178p. 
Capítulo 8 
 
- 132 - 
MARM. 2011. Sistema de Información Agroclimática para el Regadío (SIAR). 
http://www.marm.es/es/agua/temas/observatorio-del-regadio-espanol/sistema-de-
informacion-agroclimatica-para-el-regadio/. Spanish Ministry of Natural, Rural and 
Marine Environment (MARM). Data were downloaded on January 2011. 
Martínez-Cob, A. 2008. Use of thermal units to estimate corn crop coefficients 
under semiarid climatic conditions. Irrigation Science, 26: 335–345. 
Martinez-Cob, A., Playan, E., Zapata, N., Cavero, J., Medina, E.T., and Puig, 
M. 2008. Contribution of evapotranspiration reduction during sprinkler irrigation to 
application efficiency. Journal of Irrigation and Drainage Engineering, 134: 745-756. 
Martínez-Cob, A., Zapata, N., Sánchez, I. 2010. Viento y Riego: la variabilidad 
del viento en Aragón y su influencia en el riego por aspersión. Publicación Nº 2948. 
Colección Estudios (Geografía). Institución Fernando el Católico. Zaragoza, España. 
200 pp. 
McNaughton, K.G. 1981. Net interception losses during sprinkler irrigation. 
Agricultural Meteorology, 24: 11-27. 
Monteith, J.L., and Unsworth, M.H., 2008. Principles of environmental physics, 
3rd edn. Burlington, MA, USA. 
Murata, Y., Iyama, J., and Honma, T. 1965. Studies on the photosynthesis of 
forage crops. IV Influence of air-temperature upon the photosynthesis and respiration 
of alfalfa and several southern type forage crops. Proceedings of the Crop Science 
Society of Japan 34: 154-158. 
Neinhuis, C., and Barthlott, W. 1997. Characterization and distribution of 
water-repellent, self-cleaning plant surfaces. Annals of Botany, 79:667-677. 
Norman, J.M., and Campbell, G. 1983. Application of a plant-environment 
model to problems in irrigation. Advances in irrigation, D. Hillel, ed., Vol. 2, 
Academic, New York, 155-188. 
Norman, E., Joyce, R., and Whittaker, M. 1990. Advanced design and 
technology. 3rd ed. Longman, Harlow, Essex. 
Ortiz, J.N., Tarjuelo, J.M., and de Juan, J.A. 2009. Characterisation of 




- 133 - 
Pettigrew, W.T., Hesketh, J.D., Peters, D.B., and Woolley, J.T., 1990. A vapor 
pressure deficit on crop canopy photosynthesis. Photosynthesis Research, 24: 27-
34. 
Playan, E., Salvador, R., Faci, J.M., Zapata, N., Martínez-Cob, A., and 
Sánchez, I. 2005. Day and night wind drift and evaporation losses in sprinkler solid-
sets and moving laterals. Agricultural Water Management, 76: 139-159. 
Puech-Suanzes, I., Hsiao, T.C., Fereres, E., and Henderson, D.W., 1989. 
Water-stress effects on the carbon exchange rate of three upland cotton (Gossypium 
hirsutum) cultivars in the field. Field Crops Research, 21: 239-255. 
Ray, J.D., Gesch, R.W., Sinclair, T.R., Allen, L.H., 2002. The effect of vapour 
pressure deficit on maize transpiration response to a drying soil. Plant and Soil, 
238:113–121. 
Reicosky, D.C., Wagner, S.W., and Devine, O.J. 1990. Methods of calculating 
carbon dioxide exchange rates for maize and soybean using a portable field 
chamber. Photosynthetica, 24: 22-38. 
Robinson, F.E. 1970. Modifying an arid microclimate with sprinklers. 
Agricultural Engineering, 51: 465. 
Ruelle, P., Mailhol, J.C., Quinones, H., and Granier, J. 2003. Using 
NIWASAVE to simulate impacts of irrigation heterogeneity on yield and nitrate 
leaching when using a travelling rain gun system in a shallow soil context in Charente 
(France). Agricultural Water Management, 63:15-35. 
Saadia, R., Huber, L., and Lacroix, B. 1996. Using evaporative cooling to fight 
heat stress in corn. The potential of sprinkler irrigation to reduce air and reproductive 
organ temperature. Agronomie, 16: 465-477. 
Salmerón, M., Urrego, Y.F., Isla, R., and Cavero, J. 2012. Effect of non-
uniform sprinkler irrigation and plant density on simulated maize yield. Agricultural 
Water Management, 113:1-9. 
Schneider, A.D., and Howell, T.A. 1998. LEPA and spray irrigation of corn-
Southern High Plains. Transactions of the ASAE, 41: 1391-1396. 
Seginer, I., Kantz, D., and Nir, D., 1991. Wind-distorted single-sprinkler 
distribution patterns. Agricultural Water Management, 19: 341-359.  
Capítulo 8 
 
- 134 - 
SIGPAC. 2011. Sistema de Información Geográfica de Parcelas Agrícolas. 
http://sigpac.mapa.es/fega/visor/. Spanish Ministry of Natural, Rural and Marine 
Environment (MARM). Data retrieved on January 2011. 
Smith, W.K., and McClean, T.M. 1989. Adaptive relationship between leaf 
water repellency, stomatal distribution, and gas exchange. American Journal of 
Botany, 76: 465–469. 
Steduto, P., Çetinkökü, Ö., Albrizio, R., and Kanber, R. 2002. Automated 
closed-system canopy-chamber for continuous field-crop monitoring of CO2 and H2O 
fluxes. Agricultural and Forest Meteorology, 111:171-186. 
Steiner, J.L., Kanemasu, E.T., and Clark, R.N. 1983a. Spray losses and 
partitioning of water under a center pivot sprinkler system. Transactions of the ASAE, 
26: 1128-1134. 
Steiner, J.L., Kanemasu, E.T., and Hasza, D. 1983b. Microclimatic and crop 
responses to center pivot sprinkler and to surface irrigation. Irrigation Science, 4: 
201-214. 
Stern, J., and Bresler, E. 1983. Nonuniform sprinkler irrigation and crop yield. 
Irrigation Science, 4:17–29. 
Sternberg, Y.M. 1967. Analysis of sprinkler irrigation losses. Journal of the 
Irrigation and Drainage Division, 93:111-124. 
Tarjuelo, J.M., Carrión, P., and Valiente, M. 1994. Simulación de la 
distribución del riego por aspersión en condiciones de viento. Investigación Agraria: 
Producción y Protección Vegetal, 9: 255-272. 
Tarjuelo, J.M. 1999. El riego por aspersión y su tecnología (2ª Edición). Spain: 
Ediciones Mundi Prensa. 
Tarjuelo, J.M., Montero, J., Valiente, M., Honrubia, F., and Ortiz, J. 1999a. 
Irrigation uniformity with medium size sprinklers. Part II: Influence of wind and other 
factors on water distribution. Transactions of the ASAE, 42: 677-689. 
Tarjuelo, J.M., Montero, J., Honrubia, F.T., Ortiz, J.J., and Ortega, J.F. 1999b. 
Analysis of uniformity of sprinkler irrigation in a semi-arid area. Agricultural Water 
Management, 40: 315-331. 
Capítulo 8 
 
- 135 - 
Thompson, A.L., Gilley, J.R., and Norman, J.M. 1993. A sprinkler water droplet 
evaporation and plant canopy model: II. Model application. Transactions of the 
ASAE, 36: 743-750. 
Thompson, A.L., Martin, D.L., Norman, J.M., Tolk, J.A., Howell, T.A, Gilley, 
J.R., and Schneider, A.D. 1997. Testing of a water loss distribution model for moving 
sprinkler systems. Transactions of the ASAE, 40: 81-88. 
Tolk, J.A., Howell, T.A., Steiner, J.L., Krieg, D.R., and Schneider, A.D. 1995. 
Role of transpiration suppression by evaporation of intercepted water in improving 
irrigation efficiency. Irrigation Science, 16: 89-95. 
USDA, 2008. Farm and Ranch Irrigation Survey (2008), National Agricultural 
Statistics Service, Vol. 3, Special Studies -Part 1 of the 2007 Census of Agriculture, 
AC-07-SS-1. United States Department of Agriculture. (Updated July 2010). 
http://www.agcensus.usda.gov/Publications/2007/Online_Highlights/Farm_and_Ranc
h_Irrigation_Survey/index.php. (Accessed 20 June 2011). 
Van Bavel, M.G., 2005. Flow4 Installation and operation manual. Dynamax 
Inc. Houston, Texas, EE.UU. Pp 191.  
Wanjura, D.F., and Upchurch, D.R. 2000. Canopy temperature 
characterizations of corn and cotton water status. Transactions of the ASAE, 43: 867-
875. 
Weibel, F.P., and Boersma, K. 1995. An improved stem heat-balance method 
using analog heat control. Agricultural and Forest Meteorology, 75: 191-208. 
Wiersma, J.L. 1970. Influence of low rates of water application by sprinklers on 
the microclimate. Water Resources Institute, South Dakota State University, S.D. 
Yang, X., Chen, F., Gong, F., and Song, D. 2000. Physiological and ecological 
characteristics of winter wheat on the condition of sprinkler irrigation. Transactions of 
the Chinese Society of Agricultural Engineering, 16: 35-37. 
Yazar, A. 1984. Evaporation and drift losses from sprinkler irrigation systems 
under various operating conditions. Agricultural Water Management, 8: 439-449. 
Yu, G.R., Kobayashi, T., Zhuang, J., Wang, Q.F., and Qu, L.Q. 2003. A 
coupled model of photosynthesis-transpiration based on the stomatal behaviour for 
maize (Zea mays L.) grown in the field. Plant and Soil, 249: 401–416. 
Capítulo 8 
 
- 136 - 
Zhao, W., Li, J., and Li, Y. 2012. Modeling sprinkler efficiency with 
consideration of microclimate modification effects. Agricultural Water Management, 
161: 116-122. 
Ziska, L.H., and Bunce, J.A. 1994. Increasing growth temperature reduces the 
stimulatory effect of elevated CO2 on photosynthesis or biomass in two perennial 
species. Physiologia Plantarum, 91:183-190. 
